Collective Behavior of Drosophila Melanogaster Neural Progenitor and Imaginal Disc Cells within Controlled Microenvironments by Pena, Caroline D
City University of New York (CUNY) 
CUNY Academic Works 
Dissertations and Theses City College of New York 
2019 
Collective Behavior of Drosophila Melanogaster Neural Progenitor 
and Imaginal Disc Cells within Controlled Microenvironments 
Caroline D. Pena 
CUNY City College 
How does access to this work benefit you? Let us know! 
More information about this work at: https://academicworks.cuny.edu/cc_etds_theses/891 
Discover additional works at: https://academicworks.cuny.edu 
This work is made publicly available by the City University of New York (CUNY). 
Contact: AcademicWorks@cuny.edu 
 1 
Collective Behavior of Drosophila Melanogaster Neural Progenitor 







Submitted in partial fulfillment of the requirement for the degree 
Masters of Science in Biomedical Engineering  
at 
The City College of New York 
of the  






























________________________________           ________________________________ 
Dr. Maribel Vazquez, Thesis Advisor  Dr. Mitchell Schaffler, Chairman for 














































© Copyright 2019 
Caroline Pena. All Rights Reserved. 
 3 
EXECUTIVE SUMMARY                                                                                                   
 
 
Regenerative therapies for the damaged visual system have introduced stem-derived 
cells to recapitulate developmental processes and initiate functional regeneration in 
different components of the eye. The developing visual system in Drosophila 
Melanogaster offers a model in which to analyze the associated processes in 
retinogenesis. The optic nerve is critical to vision and is developmentally preceded in 
Drosophila by a structure called the Optic Stalk (OS). Collective migration of neural and 
retinal progenitor cells (RPCs) from the developing brain lobes (DBL) to the Imaginal 
Disc (ID), through the OS, is a fundamental part of regenerative strategies in retina. 
Developmental signals governing retinal cell fate and migration have been well-studied 
using Drosophila Melanogaster. While conserved signaling pathways are known to drive 
retinogenesis across invertebrate and vertebrate species, the role(s) of diffusible 
signaling molecules in the collective migratory processes critical to eye development 
remain incompletely understood. Invertebrate models remain largely underutilized for in 
vitro study of cell response to controlled stimuli.  
 
In this thesis, the collective behavior and migration of primary Drosophila-derived neural 
progenitor cells (NPC) and Drosophila imaginal disc cells were analyzed on different 
extracellular matrices and coatings, poly-L-lysine (PLL), laminin (LM) and Concanavalin-
A (Con-A), when exposed to exogenous gradients of growth factors and within 
microfluidic systems in order to propose an animal model for retinogenesis. The 
formation of single, small clusters and large clusters of NPCs were observed on all 
matrices and within the µLane, a bridged microchannel system. Furthermore, small and 
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large clusters were demonstrated chemotaxis, directed cell migration, to gradients of 
fibroblast growth factor 8 (FGF8), while single cells demonstrated chemokinesis, non-
directed cell migration within the µLane. A microfluidic system called the Micro Optic 
Stalk (μOS), that recapitulated in vivo geometric constraints seen during Drosophila 
retinal development, was designed, fabricated and validated. When NPCs were cultured 
and exposed to FGF8 within the μOS, the formation of single cells, small clusters and 
large clusters was observed. Furthermore, clusters demonstrated chemotaxis and 
gradient-dependent migration patterns. Imaginal disc cells were studied in order to look 
at the behavior of the secondary structure involved in retinogenesis. Dm-D17-c3 (D17) 
cells were examined as they have been utilized for motility studies in literature. D17 
cells demonstrated two cell populations, rounded and elongated cells, on PLL and Con-
A, while they did not adhere and grew in suspension on LM. Utilizing Boyden Chamber 
Assays, D17 cells showed significant migration toward brain-derived neurotrophic factor 
(BDNF), concentration-dependent migration toward Insulin (In), and no significant 
migration toward FGF8. Furthermore, D17 cells showed high viability when cultured 
within the µLane when seeded at higher cell densities (7.5´105 cells and 1´106 cells). 
Although D17 cells were shown to not be suitable for examination in a retinogenesis 
model centering on the role of FGF8, they show promise for use in other developmental 
models and microfluidic systems. Future work will utilize FGFR receptor knock outs in 
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CHAPTER 1: INTRODUCTION 
 
1.1  Retinogenesis and Retinal Disorders 
The retina is the tissue in the back of the eye that functions to pass nerve impulses 
through the optic nerve to the brain (Rodieck, 1973). The retina consists of two layers: 
an outer epithelial layer of cells that form the retinal pigmented epithelium (RPE) and 
the inner neuroepithelial layer of cells that becomes the retina’s cup-like structure 
(Wassle et al., 1991). The retina develops in a process known as retinogenesis from 
neural progenitor cells that are specified to form the eye field (Fuhrmann, 2010). This 
specific population of neural progenitor cells are often referred to as retinal progenitors 
(Chacko et al., 2000; D. Chen et al., 2009; Klassen et al., 2004). Neural progenitor cells 
have the possibility to give rise to several types of neurons, specialized cells that are the 
fundamental units of the brain and nervous system (Seri et al., 2001), and glia, cells 
which provide support for neurons (Alvarez-Buylla et al., 2001). In the developing retina, 
these neural progenitors differentiate and form crucial connections necessary in visual 
processing (Cepko et al., 1996).  
 
Vision impairment is a major national and global health concern. Worldwide, 
approximately 1.3 billion people live with some form of vision impairment (Organization, 
2011). Retinal disorders affect the retina, causing vision impairment and, in serious 
cases, vision loss (Margalit et al., 2003). A common form of retinal disorders are 
congenital retinal diseases that occur during development (Haider et al., 2000; Ittner et 
al., 2005). Developmental retinal disorders are incompletely understood as they involve 
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many complex signaling pathways (Chavarria et al., 2007; Das et al., 2009; Kubo et al., 
2005) and interactions between progenitor cells (S. Wu et al., 2018; Zaghloul et al., 
2005). Current research efforts focus on understanding signaling molecules and their 
roles in facilitating retinal progenitor cell differentiation, movement and behavior (Du et 
al., 2010; Navarro Quiroz et al., 2018).  
 
1.1.1 Collective Migration and Chemotaxis 
Collective migration is defined as groups of cells moving together and affecting the 
behavior of one another, referred to as collective behavior (George et al., 2017). 
Collective cell migration can occur on two-dimensional surfaces such as extracellular 
matrices and three-dimensional surfaces such as interstitial tissues (Ilina et al., 2009; K. 
Wolf et al., 2009). Biological processes that rely on collective migration include cancer 
cell metastasis (Friedl et al., 2004), wound healing (Li et al., 2015) and tissue 
morphogenesis during development (Scarpa et al., 2016). The collective migration of 
neural and retinal progenitors is particularly important to the development of the central 
nervous system (CNS) and associated processing structures (i.e. the retina) (Butler et 
al., 2015; Cooper, 2013). The movement of heterogeneous progenitor populations is 
essential to retinal development (Kohwi et al., 2013), where precursors of neuronal and 
glial lineages assemble the signaling networks critical for vision.  
 
Chemotaxis is the directed movement of cells in response to concentration gradients of 
signaling molecules (Wang, 2009). Chemoattractants are molecules which cause 
migration towards increasing concentration gradients (Yang et al., 2015), while 
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chemorepellents are molecules which cause migration away from increasing 
concentration gradients (Huttenlocher et al., 2008). There are two main models of 
chemotaxis: polarization (Servant et al., 2000) and static spatial sensing (Kamino et al., 
2016). Polarization occurs when cells polarize, or rearrange cellular components, in 
response to gradients of a chemoattractant. During polarization, typically filamentous 
actin (F-actin) is polymerized along the edge of the cell towards the gradient (Weiner et 
al., 1999). This allows for the cell to propel itself in the direction of the gradient. During 
static spatial sensing, cells have the ability to generate and amplify gradients even when 
immobile through receptors uniformly distributed on cell surface (Cai et al., 2011). When 
molecules bind to these receptors, it initiates downstream signaling which leads to 
migratory responses (Uings et al., 2000). Chemotaxis is particularly crucial in controlling 
the behavior of and distances travelled of precursors cells during tissue morphogenesis, 
as morphogenesis occurs through precise organization (Weijer et al., 2011), 
specification (Futrelle et al., 1972) and patterning of cells (C. M. Lin et al., 2009). 
 
1.1.2    Chemotaxis Assays 
Chemotaxis assays are experimental tools that allow for the analysis of cell migration 
towards signaling molecules of interest (Justus et al., 2014). These assays create a 
gradient or gradient region which then facilitates chemotaxis of cells (Keenan et al., 
2008), as shown in Figure 1A. Two examples of standard chemotaxis assays include 
micropipette chemotaxis assays and Boyden chamber assays. Micropipette chemotaxis 
assays utilize a micropipette to release a molecule of interest onto one side of a glass 
slide that contained unsupplemented media and cells (Servant et al., 2000), as shown in 
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Figure 1B. Unsupplemented media, or media without the addition of serum, is used as 
serum contains growth factors which can interfere with chemotaxis. This then causes 
the formation of a concentration gradient which can be imaged using a microscope (H. J. 
Wu et al., 2014). The micropipette assay is limited in that the gradient established is not 
steady state and therefore is only appropriate for short term experiments (Wong et al., 
2006). Boyden chamber assays have been widely used for chemotactic studies. Boyden 
chamber assays utilize Boyden chambers, a filter with a membrane containing pores 
ranging from 3 um to 8 um. Boyden chambers are then placed in a 12 or 24-well cell 
plate, creating two separate chambers: the top chamber containing cells and the bottom 
chamber containing the molecule of interest (H. C. Chen, 2005), as shown in Figure 1C. 
Cells then adhere to the membrane of the filter and travel through the pores toward the 
molecule of interest (Boyden, 1962). Migration facilitated by the molecule can then be 
quantitatively analyzed through cell counts and compared to a control group, in which 
no molecule is used. Boyden chambers are limited as they are not able to distinguish 
between chemokinesis, nondirectional migration caused by a molecule, and chemotaxis. 
Furthermore, gradients are not well-defined and imaging is not possible (Fong et al., 
1992). 
 
Microfluidic platforms provide stable and reproducible methods of producing 
concentration gradients for chemotaxis assays that address many of the limitations of 
traditional chemotaxis assays (Chung et al., 2009; F. Lin et al., 2006; Shamloo et al., 
2008). A commercially available microfluidics-based assay is the Zigmond chamber, a 
bridge channel-based platform (Zigmond, 1977), as shown in Figure 1D. The platform 
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consists of two chambers connected by a bridge channel. A molecule of interested is 
added to one chamber which creates a concentration gradient across the bridge 
channel. Cells located in the chamber with unsupplemented media and can then 
migrate across the bridge channel to the other chamber containing the molecule of 
interest(Muinonen-Martin et al., 2010). The Zigmond chamber allows for live imaging of 
migration cells. Furthermore, the concentration gradients developed in the platform are 
steady state, with a near linear profile, which allows for analysis of concentration-
dependent chemotaxis (Zicha et al., 1991). However, some limitations include that short 
term experiments are only possible and that these assays often have poor 
reproducibility (Zengel et al., 2011). Microfabrication, the process of fabricating 
structures on the micron-scale, allow for the design and optimization of microfluidics-
based assays in order to qualitatively and quantitatively analyze chemotaxis (Voldman 










Figure 1. Chemotaxis Assay Methods. (A) Chemotaxis of cells towards concentration 
gradient. (B) Micropipette chemotaxis assay (C) Boyden chamber assay (D) Zigmond 
chamber assay 
 
1.2  Drosophila Melanogaster 
Eye and retinal development are well conserved across vertebrate and invertebrate 
species (Vopalensky et al., 2009). Protein mutations that lead to irregular retinal 
progenitor cell migration during development, and thus retinal abnormalities, in humans 
are identical to that in Drosophila Melanogaster, commonly known as the fruit fly 
(Vopalensky et al., 2009). Drosophila has been extensively studied as a model 
organism in many different areas such as genetics (M. J. Wolf et al., 2008), 
developmental biology (Kondrashov, 1998), behavioral biology (Ramdya et al., 2017), 
and neuroscience (Sun et al., 2017). As the developing visual system in Drosophila is 
well represented and studied, allows for direct genetic manipulation and in vivo 
observation and imaging (Nériec et al., 2016), it is an ideal model organism to analyze 
retinogenesis.  
 
1.2.1 Retinal Development in Drosophila  
Eye development in Drosophila has been extensively studied (Kumar, 2011). The adult 
Drosophila compound eye, as shown in Figure 2A, is a highly organized organ, 
consisting of about 800 ommatidium units. An ommatidium contains clusters of 
photoreceptor cells surrounded by support and pigment cells. In Drosophila, each 
ommatidium contains 8 photoreceptor cells (Charlton-Perkins et al., 2010). The 
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compound eye develops from the eye imaginal disc, a precursor progenitor organ. 
Retinal development occurs during the third instar stage of development when 
progenitor cells, located in the eye imaginal disc, project their axons across the optic 
stalk to establish connections with neural progenitor cells located in the optic lobe 
region of the developing brain (Chotard et al., 2007). The optic stalk is analogous to the 
optic nerve in humans, as it is the connection from the eye to the brain. Chemotaxis is 
known to play a major role in facilitating the movement of retinal progenitor cells from 
the developing brain (Silies et al., 2010).  
 
Fibroblast growth factors (FGFs) have been identified as playing a major role as 
signaling molecules during development (D. M. Ornitz et al., 2001), particularly during 
eye and retina development (Hochmann et al., 2012; Pittack et al., 1997). FGFs and 
FGFRs (Fibroblast growth factor receptors) are highly conserved in both amino-acid 
sequence and related gene structure, across both vertebrate and invertebrate species 
(Golub et al., 2000; David M. Ornitz et al., 2015). As FGF1 to FGF23 has shown to 
regulate a wide number of developmental processes, mutations in FGFs and FGFR, as 
well as any aberrant activation of the FGF signaling pathway, has been shown to cause 
a number of disorders such as Apert syndrome (Anderson et al., 1998), achondroplasia 
(Stoilov et al., 1995), and autosomal dominant hypophosphatemic rickets (Shimada et 
al., 2002). In Drosophila, a FGFR homolog, known as Breathless, has been found to 
play a major role in facilitating the ability of cells to recognize external cues necessary to 
migrate (Sopko et al., 2013). Eye and retinal development in Drosophila has been 
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widely studied, collective migration patterns and the signaling molecules associated in 
facilitating this migration are still incompletely understood. 
 
Figure 2. Drosophila Melanogaster model system. (A) SEM image of the visual system 
of an adult fruit fly. (C) Representative eye-brain complex extracted from the third instar 
larval stage of development illustrating GFP+ cells of glial lineage. (D) Rendering of the 
developing Optic Stalk connecting the brain lobe and eye imaginal disk. Colors 
represent eye imaginal disc (pink), neuroblasts (yellow/orange), and brain-lobe (blue) 
(Source: ). (E) Primary neural cells disassociated from brain complexes are adhered 





















Figure 3. FGF signaling in Drosophila (Source: (Muha et al., 2013)) 
 
1.2.2 Third Instar Larvae - Primary Neural Cells 
The life cycle of Drosophila has 6 stages: egg, first instar larva, second instar larva, third 
instar larva, pupa and adult (Arbeitman et al., 2002). During the third instar stage, larva 
undergo a significant amount of development, including retinal and neural differentiation. 
As a result, the developing brain of third instar larvae contain neuron, glia, and 
neural/retinal progenitor cells. Isolations, dissections and dissociations of these 
developing brains have often been used in immunohistochemistry and live imaging 
studies (J. S. Wu et al., 2006). The use of primary neural cells derived from third instar 
stage Drosophila brains show promise for retinal development models, as shown from 
previous work in our lab (Beck et al., 2016). 
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1.2.3 Dm-D17-c3 - Imaginal Disc Cells  
Imaginal discs are precursor organs in Drosophila larvae that develop into adult 
structures, such as head, thorax and abdomen, during metamorphosis. There are 19 
total discs in the Drosophila larvae. Although they have different lineages, the imaginal 
discs are all sac-like epithelial structures, composed of progenitor cells, with similar 
morphology. Imaginal discs are a powerful tool to study in order to understand the 
different aspects of development as well as create developmental disease models 
(Beira et al., 2016). Two-dozen Drosophila-derived cell lines were established by the 
late Tadashi Miyake at the Mitsubishi-Kasei Institute of Life Sciences in Tokyo (Ui et al., 
1987). These cell lines are available on the Drosophila Genomics Resource Center 
(DGRC) in Bloomington, Indiana. Among the established Drosophila-derived cell lines 
were Dm-D17-c3 (D17) cells, which were established from dissected imaginal discs. 
D17 cells have been characterized in literature to have properties reminiscent of 
hemocytes. They secrete extracellular matrix (ECM) and exhibit motility in culture. 
Because of their motility abilities, D17 cells have also been used in in vitro and wound 
healing assays (Currie et al., 2011). Because of this, along with the convenience of 
utilizing an established cell line, D17 cells show promise for utilization for cell migration 
and chemotaxis studies in Drosophila development models. 
 
1.3  Study Aims 
In this study, we focused on three aims: (1) evaluate the collective behavior and 
chemotaxis of primary Drosophila-derived neural and retinal progenitor cells on different 
extracellular matrices and in the presence of a fibroblast growth factor gradient in a 
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bridged microchannel microfluidic system, (2) evaluate the collective behavior and 
migration patterns of primary Drosophila-derived neural and retinal progenitor cells in a 
microfluidic system that mimics the in vivo geometric constraints during retinal 
development, (3) evaluate the behavior and migration of Drosophila imaginal disc cells 
on different extracellular matrices, in the presence of different signaling molecules of 
interest, and within a bridged microfluidic system. For the first aim, studies were done to 
determine the distribution and clustering behavior of neural and glial lineage of the 
primary progenitors obtained from third instar stage Drosophila larvae on different 
extracellular matrices, such as poly-L-lysine (PLL), laminin (LM), and concanavalin-a 
(Con-A). An established microfluidic system called the micro-Lane (μLane) was then 
utilized to look at the collective migration and chemotaxis of neuroclusters and single 
cells towards varying gradients of fibroblast growth factor-8 (FGF-8) (Chapter 2). For 
the second aim, the novel microfluidic system called the micro-Optic Stalk (μOS) was 
developed to mimic the Optic Stalk, analogous to the optic nerve in vertebrates, and 
model the retinogenesis process in Drosophila. The system was used to look at the 
migration and clustering behavior of primary neural and retinal progenitor cells obtained 
from third instar stage Drosophila larvae in the presence of fibroblast growth factor-8 
(FGF-8) (Chapter 3). For the third aim, studies were done in order to examine cell 
behavior and chemotaxis of imaginal disc cells obtained from third instar Drosophila 
larvae. Furthermore, the μLane system was used to examine cell behavior and viability 
of these cells in microfluidic environments for future migration studies (Chapter 4). 
From these results, we can first have a better understanding of the underlying signaling 
pathways involved in the formation of the retina, allowing for the development of 
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treatments for developmental retinal disorders. We can also create a more 
comprehensive retinogenesis model, elucidating the behaviors from the imaginal disc 
cells, which become the compound eye in adult flies, and neural progenitor cells, which 
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CHAPTER 2: COLLECTIVE BEHAVIOR OF DROSOPHILA-DERIVED NEURAL 
PROGENITORS IN CONTROLLED MICROENVIRONMENTS 
Authors: Caroline Pena, Stephanie Zhang, Tadmiri Venkatesh and Maribel Vazquez 
 
2.1 INTRODUCTION 
The collective migration of neuronal and glial progenitors is fundamental to the 
development, response and plasticity of the visual system and has become a central 
element of many cell-based strategies for Nervous System (NS) repair. Microfluidic 
systems have been used by our group (S. Mishra et al., 2015; Pena et al., 2018; Rico-
Varela et al., 2015) and others (Lam et al., 2017; Saadi et al., 2006; Shamloo et al., 
2008) to expose cells to controlled, diffusible signals and measure individual cell 
migration, as well as analyze changes in cell-matrix (Toh et al., 2007) and cell-cell 
interactions (Zervantonakis et al., 2011) at physiological scales that approach in vivo. 
However, surprisingly few microsystems have been developed and/or adapted to 
examine collective chemotaxis in the visual system, despite the significance of 
progenitor migration during neural development (reviewed in (E. Scarpa et al., 2016)).  
Recent projects have begun to use modified wound healing chambers (Grada, A. et al., 
2017) to examine collective cell movement as well as angiogenic sprouting (Del Amo, C. 
et al 2016) and cancer outgrowth models (Zhang, Z.Y. et al (2013); Song,K. et al (2018)) 
to evaluate collective cell behaviors. 
 
Retinogenesis undoubtedly relies upon collective chemotactic processes, as transient 
concentration gradients of a variety of biochemical factors determine the highly-ordered 
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spacing and lineage fate of progenitor and stem-like cell populations (Laranjeiro et al., 
2014). However, there is currently a limited understanding of the integral relationships 
between collective migration and the diffusible signaling molecules critical to retinal 
development (Rørth, 2007). Elucidation of these collective, chemotactic processes will 
dramatically advance emerging reparative therapies seeking to recapitulate 
developmental processes for neurorepair in the eye (Lamba et al., 2008). 
Developmental signals governing retinal cell fate, migration and positioning have been 
exceptionally well-studied using Drosophila melanogaster, a simple and well-understood 
system that facilitates genetic manipulation alongside in vivo (Venken et al., 2011) and 
in vitro imaging (Egger et al., 2013). Here, seminal works have elucidated well-
conserved pathways that facilitate collective neural responses (Theveneau et al., 2012) 
during retinal development across vertebrates and invertebrates (Hartenstein et al., 
2002).   
 
Our laboratory has recently studied neural progenitors from Drosophila in vitro to report 
that glial progenitors responded with minimal migration to exogenous signaling from 
Fibroblast Growth Factor (FGF8) but, surprisingly, exhibited directional cell motility 
when part of cell clusters comprised of both glial and neuronal progenitors. (Beck et al., 
2016). Experiments of the current study used cells isolated from eye-brain complexes of 
third instar larvae to examine the dependence of neurocluster size and neuronal cell 
ratio on the collective behavior observed in response to signaling from exogenous FGF. 
This project additionally developed an improved dissection and disassociation 
methodology that increased cell viability to enable testing of collective RPC adhesion 
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upon different extracellular matrix (ECM) needed for RPC motility and collective 
migration (Lamba et al., 2008). Results illustrate that disassociation created a mixed 
population of RPC collectives, or neuroclusters, and singleton cells in a ratio of 4 to 1. 
Further, RPCs demonstrated different patterns of collective adhesion as neuroclusters 
of varying size and distribution and as single cells of changing morphology upon 
different extracellular matrix (ECM) substrates of poly-l-lysine (PLL), concanavalin (Con-
A) and Laminin (LM). 
 
Collective migration of neural neuroclusters was then observed alongside the migration 
of individual cells in response to signaling gradients of FGF generated using controlled 
microfluidic environments. Neuroclusters illustrated directional migratory responses 
towards signaling gradients. By contrast, individual cells illustrated non-directional 
movement in all signaling fields. These results highlight the importance of neurocluster 
size and cellular composition in predicting the collective behavior of progenitor cells, as 
such physical parameters may influence the regenerative properties sought for neural 
repair. 
 
2.2 MATERIALS AND METHODS 
2.2.1 Drosophila fly stocks 
The GAL4-UAS system (Duffy 2008) was utilized to express GFP in either neuronal or 
glia precursors.  Drosophila Melanogaster stocks used in this study were UAS-GFP (CS) 
and UAS-mCD8-GFP; elav GAL4. Flies were maintained on standard corn meal agar 
medium and kept at 25°C. Stocks were flipped or transferred once a week to maintain 
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lines. Third instar larvae were removed from the fly cultures and used for dissection and 
subsequent dissociation and isolation of the larval Cephalic complex, i.e. eye-brain 
complexes with the ventral nerve cord, as described previously by our group and shown 











Figure 1. Drosophila Melanogaster Model. Image of (A) adult fruit fly and (B) third instar 
stage larva. (C) SEM image of adult compound eye. (D) Dissected eye-brain complex 
with GFP+ neurons in third larval instar. (Scale bars as shown.) 
 
2.2.2 Dissection, dissociation and cell culture 
Third instar, larval brain dissection and dissociation protocols were adapted from 
established studies (Lerit et al., 2014; Moraru et al., 2012; Wu et al., 1983). All steps of 
the current work were performed in a laminar flow hood to ensure sterility of established 
culture, as shown in Figure 2. Wandering third instar larvae were placed in 70% Ethanol 
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(VWR, Randor, PA) and washed three times in autoclaved DI water. Eye-brain 
complexes were dissected using stainless steel #5 tweezers in phosphate buffered 
saline (PBS) and washed once in Schneider’s medium (Thermo Fisher Scientific, 
Waltham, MA) supplemented in 10% (vol/vol) heat in-activated fetal bovine serum (FBS) 
and 1% (vol/vol) penicillin streptomycin (Gibco, Grand Island, NY) in order to remove 
excess cells and tissue. Eye-brain complexes were kept in 40 µL of PBS on ice to 
prevent degradation of tissue and cell death until 15-20 complexes were gathered. 
Complexes were incubated in a 1-mL volume of 0.5 mg/mL concentration of 
collagenase (Gibco, Grand Island, NY) at 27C for 1 hr. The digested brain tissue was 
centrifuged at 2000 RPM for 5 minutes and washed twice by re-suspending in 1 mL 
supplemented Schneider’s medium. Tissue was mechanically disassociated into cell 
suspension via manual pipetting in 150 µL of supplemented Schneider’s medium (10 µL 
per brain) and straining through a cell strainer of 40-µm-diameter. Resultant cell 
solutions were incubated in a Barnstead Labline L-C incubator at 27 C, while an 
immortalized S2 Drosophila cell line derived from embryos (Schneider, 1972) was used 
as a control to ensure a suitable in vitro environment. 
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Figure 2. Dissection and Dissociation of the Developing Brain from Third Instar 
Drosophila Larvae. (A) Dissection arrangement within a laminar flow hood environment. 
(B) Dissection of eye-brain complexes via microscope. (C) Schematic of key steps in 
the dissection process, where third instar larvae are segmented using tweezers and 
mouth hooks plus excess tissue are removed to isolate eye-brain complexes.  
 
2.2.3 Flow Cytometry  
Cell suspensions obtained after dissection and dissociation were analyzed via flow 
cytometry in a BD FACSCalibur (BD Biosciences, Billerica, MA) to evaluate the 
composition of single cells versus neuroclusters prior to in vitro testing. A side scattering 
(SSC) channel was used to gate excess tissue in the suspension. Gating for single cells 
and neuroclusters was determined by analyzing the histogram produced from ungated 
sorting produced by forward scattering (FSC) with peaks correlated to single cell counts. 
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The region which contained the lowest values of FSC and SSC was gated to represent  
single cells, where the regions containing  the largest values were gated to be small and 
large neuroclusters, respectively. Percentages of cell populations were normalized 
against total numbers of single cell and neurocluster events. 
 
2.2.4 Fixing and staining  
After dissection and dissociation, cells were incubated overnight in a 27C incubator and 
uncoated petri dish.  Glass slides were coated with 15 µg/mL of Concanavalin A 
(eBioscience, Carlsbad, CA) and briefly heated on a hot plate at 100 C. The cell 
suspension was centrifuged at 2000 RPM for 8 minutes, where 110 µL was discarded 
and cells were re-suspended in the remaining 40 µL. The cell suspension was then 
placed on the coated glass slide for 30 minutes at room temperature (25C) to facilitate 
cell attachment. The supernatant was removed and the cells were fixed in 40 µL 
formalin (4% formaldehyde) (Sigma-Aldrich, St. Louis, MO) for 15 minutes. The formalin 
was removed and fixed cells were washed 3X with PBST (0.1% Triton X-100) (Sigma-
Aldrich, St. Louis, MO). Primary glia-specific antibodies 8D12 anti-Repo (Developmental 
Studies Hybridoma Bank, Iowa City, IA) and neuron-specific Rat-Elav-7E8A10 anti-elav 
(Developmental Studies Hybridoma Bank, Iowa City, IA) were diluted in PBST and 
added to fixed cells. The slides were incubated overnight at 4C. Unbound antibody was 
removed by washing the slide 3X for 2 minutes and 2X for 10 minutes with PBST. 
Secondary antibodies Alexa Fluor 488 goat anti-mouse IgG (Invitrogen, Carlsbad, CA), 
and Alexa Fluor 594 goat anti-rate IgG (Invitrogen, Carlsbad, CA) were diluted in PBST 
and added to the slide. The slide was incubated for 2 hrs at room temperature and then 
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washed 3X for 2 minutes and 3X for 10 minutes. All supernatant was removed from 
slides and mounted with ProLong Diamond Antifade Mountant (Invitrogen, Carlsbad, 
CA).  
 
2.2.5 Extracellular matrix (ECM) coating and viability tests  
Three extracellular matrices were tested for cell viability and cell morphology using 47-
mm diameter glass bottom petri dishes (MatTek, Ashland, MA): Poly-L-lysine (PLL) 
(Sigma-Aldrich, St. Louis, MO), Concanavalin A (Con-A) (eBioscience, Carlsbad, CA), 
and Laminin (LM) (Gibco, Grand Island, NY).  Petri dishes were coated with 300 µL of a 
15 µg/mL solution of Con-A, a 80 µg/mL solution of LM or a 100 µg/mL solution of PLL.  
Coated dishes were incubated at room temperature (25C) for 1 hr. The supernatant was 
then removed and the dish was washed 3X with PBS. All liquid was removed from the 
dish and placed in a 27C incubator overnight. Images of cell cultures were taken at 0 hr, 
24 hr and 48 hr time points to observe cell morphology differences on the different 
substrates. Cell suspensions were pipetted onto the coated glass bottom petri dishes for 
substrate attachment for at least 2 hours. Cell cultures were maintained in a 27C 
incubator. Fresh supplemented Schneider’s medium was added to cell cultures after 24 
hrs. 
 
Viability of primary neural cells cultured on the 3 substrates were tested after 24 hrs and 
48 hrs using the Colorimetric Cell Viability Kit III XTT (Invitrogen, Carlsbad, CA). 
Percentages of cell viability were detected using samples of newly-dissected and 
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dissociated cells (n>15 groups). Calculated cell viabilities were normalized against 
viability measured using uncoated petri dishes. 
 
2.2.6 The μLane Assay – cell migration 
The μLane system has been described previously by our group to analyze chemotactic 
processes of cells derived from a variety of animal models, including bovine, rodent, 
human and invertebrates (Able RA Jr et al., 2012; V. Dudu et al., 2012; Kong et al., 
2010). As shown in Figure 3, the μLane system used in this study consists of a large 
volume source reservoir (0.6-mm-diameter, 0.6-mm-depth) connected to another large 
volume sink reservoir (0.6-mm-diameter, 0.6-mm-depth) by a microchannel of 200-μm-
diameter and 1.3-cm-length. This geometry is micromolded into layer of poly-
dimethylsiloxane (PDMS) and this elastomer is later ozone-bonded to a transparent 
glass side or coverslip to create a closed microfluidic system. Transport within the 
adjoining microchannel is defined by the convection-diffusion shown in Equation (1), 
used to quantitatively determine the concentration profile within the system: 
      															"#
"$
+ 𝑢' ⋅ 𝛻'𝐶 = 𝐷 ⋅ ∇.𝐶											      (1) 
Where C represents concentration in g/ml, t is time measured in s, u is bulk velocity in 
m/s and D represents molecular diffusivity in m2/s. The concentration gradient of FGF-8 
(Invitrogen, Carlsbad, CA) within the µLane was established by loading a 100 ng/mL 
concentration of reagent into the source reservoir (reference point = 0 cm) while the 
remaining system was filled with media. Transport of FGF from high concentration in the 
source reservoir to low concentration in the sink reservoir established a non-linear 
concentration gradient profile within the microchannel. Three distinct lengths of the 
 34 
μLane were designated as low, GL, medium, GM and high, GH, regions of 
concentration gradient for ease of analysis. These distinct areas were selected because 
they represented regions of highest mathematical change in reagent concentration over 
length, i.e. gradient. As shown in Figure 3, the area of high gradient, GH, is present 
within the channel length, LC, from 0 cm to 0.35 cm of the µLane and represents 
normalized percent change in concentration of 25%.  GM is defined as the region of 
channel between LC=0.35 cm to 0.75 cm of the µLane and denotes a normalized 
percent change of 65%. The area GL is established between LC = 0.75 cm to 1.3 cm of 
the µLane and denotes a normalized percent change of 10%. In order to evaluate cell 
migration in response to external signaling from FGF-8, cells were seeded into the 
μLane system cell reservoir while FGF-8 was added into the device source well. Control 
experiments utilized Schneider’s media only, without additional FGF-8. A transport-
driven gradient was developed within the adjoining microchannel and cell migration was 
recorded every hour within different GH, GM and GL regions for a total of 9 hours. 
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Figure 3. Overview of the µLane System. (A) Schematic of microfluidic system 
comprised of two volumetric reservoirs connected by a 200-micron-diameter channel. (B) 
Image of fabricated device loaded with red dye. (C) The distribution of FGF 
concentration achieved within the µLane, normalized to the input concentration, Co. 
Transport within the µLane is defined by the convective-diffusion equation shown, 
where areas of mathematically-distinct changes in low (GL), medium (GM) and high 
(GH) concentration gradients are defined along different lengths of the microchannel as 
marked. 
 
2.2.7 Microscopy and imaging  
An image of the adult Drosophila compound eye was captured via scanning electron 
microscopy. Five UAS-GFP adult Drosophila flies were coated with 20nm of gold 
utilizing the Cressington 308R Coating System (Cressington, Watford, England). Gold-
coated flies were placed into the Zeiss LS704U Scanning Electron Microscope (Zeiss, 
Jena, Germany) and imaged at 6kV and 2.601A with the stage at a Z plane of 23.372 
nm. 
 
A Nikon Eclipse TE2000 inverted microscope (Morell Instruments, NY) with a 20X 
objective was used in conjunction with the NIS Elements Imaging Software to gather 
fluorescent images of fixed and stained cells. Confocal images of fixed and stained cells 
were captured using a Zeiss LSM 800 (Zeiss, Jena, Germany) with Airyscan under 40X 
and 63X oil objective. An argon laser at 488 nm and 594 nm and was used to excite 
immunostained glial and neuronal progenitors, respectively. 
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Bright field images of cells adhered upon ECM-coated substrates were captured at 20X 
and 40X magnification using a Nikon Eclipse TE300. Bright field images of μLane 
devices were gathered at 20X every 1 hr for 8 hrs within 5 specified regions of the 
defined regions of GL, GM and GH gradients, each.  
 
2.2.8 Data analysis  
Data were analyzed using ImageJ (NIH). The total numbers of cells and cells per brain 
were calculated via cell counting using a hemocytometer and Trypan Blue. An average 
of 10 samples were selected to determine a mean value of area for, both, single cells 
and neuroclusters. The ratio of cells of neuronal lineage to total cells, RN, was analyzed 





										                   (2) 
A total of 1993 single cells and 224 neuroclusters were examined for 3 independent 
experiments. The morphology of the adhered individual cells and neuroclusters were 
analyzed using cell shape index (CSI) and the average surface area, respectively. CSI 
has been previously utilized by our group E (Veronica Dudu et al., 2008) and others 
(Malek et al., 1996) as a dimensionless parameter to quantitatively represent cell 
asymmetry, as defined in Equation (3): 
CSI = 	 FGHI
JK
										           (3) 
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Where As represents cell surface area and P denotes cell perimeter. The average 
surface areas of neuroclusters adhered upon substrate surfaces after 24 hrs were 
measured using ImageJ. 
The ratio of neuroclusters to single cells, RNC-SC, was examined both in suspension 




										                                      (4) 
Characteristics and behavior of, both, single cells and neuroclusters evaluated in this 
study were selected from regions of low, GL, medium, GM, and high gradient, GH, 
within the μLane device. Cells and clusters were tracked individually on ImageJ using 
the Manual Tracking plugin. Neuroclusters were tracked using center of mass. Motile 
cell trajectories were graphed using normalized X and Y points for the nine time points 
recorded. This cell migratory assay protocol has been previously optimized for 
Drosophila-derived neural progenitor cells (Beck et al., 2016) and similar tracking 
protocol has been used for other time-lapsed cell migratory studies (Jain et al. 2012; 
Chen et al. 2015; Lin et al 2017). Representative trajectories were chosen to display 
average movement of single cells, small clusters and large clusters in each gradient 
field. The average total path length, L, or sum of the distance travelled, was determined 
using Equation (5.1) and Equation (5.2):  
																																																															l = 	P|(X.-XT).-(Y.-YT).|	                               (5.1) 
      L = 	∑ l@6@YT      (5.2) 
where X and Y represent spatial positions of motile cells within the μLane at two 
consecutive time points, 1 and 2. The total path length, L, was then calculated by 
summing the path lengths over the entire trajectory of single cells and neuroclusters in 
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each gradient region. The average path length was plotted for single cells and 
neuroclusters of small and large size.  
 
Directional cell migration was defined by the chemotactic index, CI, previously used by 
our group and by others (Beck et al., 2016, Raja et al., 2010)  as shown in Equation (6): 
																																																																																				𝐶𝐼 = 	 [
\
                                 (6) 
where x is the distance moved towards the gradient and L is total accumulated distance. 
In this study, values of CI approach 1 as cells move in the direction of increasing 
gradient and become negative when cells migrate away from the gradient. The 
chemotactic index was calculated for single cells, small neuroclusters and large 
neuroclusters within the GL, GM, and GH gradient regions of the  Lane. 
 
2.2.9 Statistical tests 
Statistical significance between experimental groups was evaluated using one-way 
Analysis of Variance (ANOVA) with 95% confidence interval and a post-hoc test (Tukey) 
for comparing multiple samples. The ANOVA confirmed statistical differences amongst 
control and experimental groups while the post-hoc (Tukey) test determined differences 
amongst experimental groups. Statistical analyses were performed amongst the 
different gradient regions of each experimental group and between the experimental 
groups themselves to determine how changes in concentration gradient influenced the 
distances travelled measured via path length, L, and directional movement assessed via 
chemotactic index, CI.  Calculated p values <0.05 were considered statistically 
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significant and represented with a single asterisk in all figures, while a double asterisk 
was used to denote lower p values < 0.01. 
 
In addition, a t-test (p <0.01) was performed to determine the distribution of x positions, 
the direction in which the chemotactic gradient is not distributed, of motile single cells 
and neuroclusters analyzed. Normalized distributions of data points were assessed via 
parameters of skewness and kurtosis (Jones, T.A., 1969). Skewness, measure of 
symmetry, and kurtosis, measure of the tails of the distribution, provide measures of 
shape of the data. An ideal, normally-distributed data set exhibits skewness and excess 
kurtosis of 0 with acceptable ranges between -2 to +2 (George, D et al., 2010).  In 
addition, a Jarque-Bera test (p < 0.05) (Jarque, C.M., 1987) was performed to identify 
statistically-significant variation from normal distributions. 
 
2.3 RESULTS 
This study examined how chemical cues from a controlled signaling microenvironment 
influenced the collective, chemotactic behavior of heterogeneous populations of neural 
progenitors cells (NPCs). All tests were performed using primary NPCs dissected from 
eye-brain complexes of third instar larvae Drosophila.  
2.3.1 Cell Density Yields from Dissections and Dissociations 
Experiments first estimated the total number of cells per eye-brain complex in this larval 
stage in order to replicate cell density per brain for in vitro testing. Dissections of n=15, 
30 and 45 brains were performed in triplicate using modified dissection and dissociation 
protocols, which included use of a laminar flow hood and sterility conditions typical of 
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mammalian cell culture.  Experiments estimated an average of 104 cells per brain using 
cell counting by hemocytometer, as per Table 1.  
 
Table 1. Average cell yield per eye-brain complex. Total numbers of cells and cells per 
brain for dissections and dissociations of n=15, 30, and 45 eye-brain complexes. 
 
2.3.2 Distribution of Cell and Cluster Sizes 
Dissociated cells were further examined for behaviors of self-aggregation into 
neuroclusters 6 hours post-dissection, as shown in Figure 4. This experiment was 
performed in order to evaluate the clustering and size distribution of RPCs post-
dissection and dissociation. Three populations of cells were observed: (a) Individual 
cells of 5-6 microns in average diameter; (b) Small neuroclusters defined as collectives 
of 5 to 15 cells; and (c) Large neuroclusters comprised of more than 15 cells. The 
average surface area of individually-adhered cell populations was measured to be 29.20 
± 10.65 µm2, while small neuroclusters exhibited an average surface area of 313.35 ± 
167.51 µm2 and large neuroclusters an average surface area of 573.73 ±  135.06 µm2. 
Flow cytometry was additionally used to quantitatively determine the distribution of 
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these three populations based on size. As seen, 21.7% of disassociated RPCs 
remained as individual cells, 46.3% of RPC comprised small clusters and 32.0% of 
RPCs aggregated to form large clusters. In addition, the average ratio of neuroclusters 
to single cells, RNC-SC, was measured to be 3:1. We note that these distributions 










Figure 4. Distributions of neural cells and neurocluster sizes post-dissection.  (A) 
Average surface areas of individually-adhered cells and adhered neuroclusters of 
smaller and larger size. Small cluster of approximately 3 cells is shown next to singleton 
to demonstrate consistency with size and shape of single cells. Error bars denote 
standard deviation. (B) Distribution of single cells and neuroclusters within cell 
suspensions of disassociated eye-brain complexes determined using flow cytometry. (C) 
Percentages of individual cells and neurocluster populations normalized by gating 
around excess tissue in cell suspension (R4). 
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2.3.3 Neuron Progenitor Ratio 
Experiments were next performed to estimate ratios of neuronal to total cells, RN, in 
disassociated populations, both in neurocluster populations of varying size and in 
populations of individual cells, given the sparsity of reported values for different 
developmental stages.  Values of RN for cells derived from the third larval instar were 
estimated via immunostaining, as shown in Figure 5. As seen, the ratio of neurons to 
total cells remained statistically-insignificant across the cell populations (p >0.05), with 
RN = 0.68  ±  0.017 for single cells, RN = 0.55  ±  0.22 for small neuroclusters and RN 











Figure 5. Average ratio of neuronal progenitors to total cells, RN, in third instar larvae. 
(A) Average ratio of neuronal cells to total cells (RN) in large clusters, small clusters and 
single cells, obtained from immunostaining. Error bars denote standard deviation (B, C) 
Confocal images of RFP+ neurons and GFP+ glia. 
 43 
2.3.4 Clustering and Viability on ECM 
Experiments examined viability and adhesion of RPCs upon ECM substrates 
commonly-used for in vitro study of neural cells, as shown in Figure 6: Poly-L-lysine 
(PLL), concanavalin A (Con-A) and laminin (LM).  We note that control samples of cells 
on uncoated petri dishes remained suspended without measurable adhesion. These 
sets of experiments were significant in determining which ECM substrate would best 
facilitate in vitro study of collective response(s) from cells derived from the third larval 
instar. Cell viability examined via XTT assay illustrated no statistically-significant 
differences between cell groups adhered upon Con-A, LM and PLL after 24 and 48 
hours, against normalized control of uncoated petri dishes. Differences in adhesion 
were assessed by measuring the ratio of adhered neuroclusters to single cells, RNC-SC, 
upon each ECM as well as differences in the average adhered neurocluster size. As 
seen in Figure 6, cells cultured on PLL illustrated a mixture of neuroclusters and single 
cells with a ratio of RNC-SS= 1 /2. Cells adhered on Con-A illustrated a preference for 
individual cell attachment with a ratio of RNC-SS=1/5. Cells upon LM exhibited more 
clustering than the other two matrices with a ratio of RNC-SS=2/1.  The average surface 
area of neuroclusters adhered upon PLL was measured to be 447.6 ± 151.2 µm2, 271.6 
± 69.12 µm2 upon LM and 535.8 ± 232.1 µm2 upon Con-A.  Further, a larger number of 
small clusters were observed upon LM than PLL, while predominantly large 
neuroclusters were seen to adhere upon Con-A. Lastly, individually cells exhibited an 
average CSI value of 0.89 ± 0.05 on the control substrate and a lower average CSI 
value of 0.77 ± 0.05  on PLL, 0.79 ± 0.09  on LM and 0.76 ± 0.06 on Con-A. No 
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statistical difference was observed in individual cell morphology across substrates 
(p>0.05).   
Figure 6. Viability and adhesion of disassociated cells upon extracellular matrices 
(ECM). Primary neural cells upon (A) uncoated petri dish, (B) Concanavalin A (Con-A) 
with neurite extensions highlighted by arrows, (C) Laminin (LM) with outlined 
neuroclusters and (D) Poly-L-Lysine (PLL) with both neuroclusters and neurite 
extensions highlighted. (E) Normalized cell viability at 24 hr and 48 hr time points. (F) 
Average neurocluster surface area (NC SA) on Con-A, LM and PLL. (G) Average values 
of CSI measured at 24 hr time point for cells adhered on Con-A, LM and PLL. Error bars 
denote standard deviation. (Scale bar = 20 µm for all images.)   
 
2.3.5 Collective Behavior and Migration of PNC in µLane 
The final set of experiments evaluated the in vitro, directional migration of RPCs using 
the µLane to generate controlled concentration gradient fields of FGF, as shown in 
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Figures 8C and 9. Individual cells and neuroclusters were seen to adhere and migrate 
within the µLane as shown in Figure 7. In general, the path lengths of single cells 
migrating individually, LSC, was measured to be larger than the average path lengths of 
neuroclusters, LNC, as measured by changes in the neurocluster center of mass. The 
average path length of motile single cells within low gradient fields, GL, was GLLSC=819.4 
µm.  Their average path length in medium gradient fields, GM, was GMLSC=987.9 µm and 
was GHLSC=1018.6 µm in high gradient fields, GH. There was statistical significance (p < 
0.01) between control and each experimental group (GL, GM, GH), but no difference 
amongst motile groups of the three gradient fields. In addition, the directionality of single 
cell movement was evaluated using the chemotactic index, CI, defined in Equation 3. As 
seen in Figure 8, average CI values for single cells in low gradients was GLCISC= 0.16 ± 
0.21.  Average CI values for cells in medium and high gradients were measured to be 
GMCISC = 0.24 ± 0.19 and GHCISC= 0.26 ± 0.19, respectively, with no statistical 
significance between groups (p>0.05).  Further, trajectories of motile single cells 
illustrated non-directional movement along and against concentration gradients, as 
shown in Figure 8B.   
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Figure 7. Adhesion of neural progenitor groups within µLane System. The three 
populations of cells which were observed in suspension and on ECM-treated plates 
were also seen within the µLane System. Representative images of (A) Small 
neuroclusters and individual cells, (B) Large neuroclusters and individual cells and (C) 
Individual cells within the µLane. (Scale bar=50 µm.)   
Figure 8. Chemokinetic migration of singleton neural progenitors in the µLane 
System (A) Representative trajectories of single cells in control conditions (i.e. 
Schneider’s media only). Each point represents recentered position. Red “x” indicates 
final recentered position of cell. (B) Representative trajectories of single cells in low 
gradient fields GL, medium gradient regions GM and high gradient regions GH. Each 
point represents recentered position. Red “x” indicates final recentered position of cell. 
Normalized axes represent microns (um) moved. FGF gradient increases in the y-
direction. (C) Average path lengths of single cells in control, low gradient fields GL, 
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medium gradient GM and high gradient fields GH. Statistical significance ( ** p < 0.01) is 
denoted between control and all experimental groups. A sample size of n = 14 was used 
for single cells in control, n = 12 was used for single cells in GL, n = 10 for single cells in 
GM, and n = 10 for single cells in GH.  (D) Chemotactic index, CI, for single cells in 
control, low gradient fields, GL, medium gradient fields, GM, and high gradient fields, GH. 











Figure 9. Chemotactic migration of clustered neural progenitors in the µLane 
System 
(A) Average path length of small and large neuroclusters in control conditions (i.e. 
Schneider’s media only), low gradient fields, GL, medium gradient fields, GM and high 
gradient fields, GH, generated within the µLane. Statistical significance (** p < 0.01) is 
shown between control and experimental groups and low and medium gradient fields 
group. Statistical significance (* p < 0.05) was measured between medium and high 
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gradient fields in large neuroclusters. A sample size of n = 15 was used for small 
clusters in control, n = 13 was used for small clusters in GL, n = 11 was used for small 
clusters in GM, n = 15 was used for small clusters in GH, n = 11 for large clusters in 
control, n = 10 for large clusters in GL, n = 14 for large clusters in GM, and n = 12 in GH.  
(B) Chemotactic index, CI, of small and large neuroclusters in control, low gradient 
fields, GL, medium gradient fields, GM and high gradient fields, GH, generated within the 
µLane. Statistical significance (** p < 0.01) is shown between control and experimental 
groups. Error bars denote standard deviation. (C) Representative trajectories of small 
neuroclusters in control conditions (i.e. Schneider’s media only). Each point represents 
recentered position. Red “x” indicates final recentered position of cell. Normalized axes 
represent microns (um) moved.  (D) Representative trajectories of small neuroclusters 
in low gradient fields GL, medium gradient regions GM and high gradient regions GH. 
Normalized axes represent microns (um) moved. FGF gradient increases in the y-
direction. Each point represents recentered position. Red “x” indicates final recentered 
position of cell.  (E) Representative trajectories of large neuroclusters in control. Each 
point represents recentered position. Red “x” indicates final recentered position of cell.   
(F) Representative trajectories of large neuroclusters in low gradient fields GL, medium 
gradient regions GM and high gradient regions GH. Normalized axes represent microns 
(um) moved. FGF gradient increases in the y-direction. Each point represents recenter 
position. Red “x” indicates final recentered position of cell. 
 
In contrast to single cell movement, small neuroclusters displayed much smaller 
average path lengths of GLLSNC=98.6 µm in low gradient fields, GMLSNC=160.3 µm in 
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medium gradient fields and GLLSNC=188.2 µm in high gradient fields. However, the 
migration of neuroclusters was indeed directional with average CI values of GLCISNC = 
0.41 ± 0.15, GMCISNC =0.73 ± 0.11 and GHCISNC =0.80 ± 0.16 in respective low, medium 
and high gradients.  Statistical differences (p < 0.01) were measured between control 
and each experimental group as well as across all gradient fields for, both, the average 
path length, L, and chemotactic index, CI.  Further, averaged trajectories of the small 
clusters illustrate movement in the direction of increasing concentration gradient, with 
longer path lengths in the medium and high gradients, compared to the low gradients, 
as shown in Figure 9D. Large neuroclusters illustrated similar average path lengths of 
GLLLNC=144.6 µm in low gradient fields, GMLLNC=258.7 µm in medium gradient fields and 
GHLLNC= 189.8 µm in high gradient fields. The average CI values of large clusters in the 
low, medium and high gradients were GLCILNC= 0.40 ± 0.16, GMCILNC=0.70 ± 0.20 and 
GHCILNC=0.73 ± 0.10 respectively. As with smaller neuroclusters, statistical significance 
(p < 0.01) was measured between control and each experimental group for both 
average path length and CI. Representative trajectories of motile, large clusters showed 
movement in the direction of increasing concentration gradient, with longer average 
path length in the medium gradient, and increasing directionality toward signaling from 
increasing gradient, as shown in Figure 9. The data represent chemotaxis in the 
direction of increasing concentration gradient, i.e. the y-axis, but also illustrate cell 
movement in the x-direction for single cells and neuroclusters. Cell migration was 
preferentially in the y-direction, as evidenced by net displacement distances near 
1000um in the y-direction compared to less than 100um in the x-direction for single cells 
and neuroclusters. Further, statistical analysis illustrate a normal distribution of x 
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positions about the channel centerline (x=0) for all cases, alongside statistical 
parameters of skewness and kurtosis that illustrate no statistical bias of motion in the x-
direction. The values of skewness and kurotsis calculated for single cells and 
neuroclusters of our study were near 0, with values of 0.4 to 0.65, respectively, 
validating normality of the collected data about the x=0 value, i.e. no bias in the x-
direction. Furthermore, Jarque-Bera tests demonstrated that the data for single cells, 
small clusters and large clusters do not significantly differ from that of normally 
distributed data.  
 
2.4. DISCUSSION 
Retinal progenitor cells are known to migrate along defined concentration gradients of 
biochemical factors, both, collectively within neuroclusters (Elena Scarpa et al., 2016) 
and as individual cells during different stages of retinogenesis (Koppes et al., 2014). 
Vision-critical, collective processes initiated and/or regulated by chemotactic factors 
(Sarawathy et al., 2006; Hollborn et al., 2010) have been widely investigated using 
genetics in developmental models of invertebrates (Dickinson et al., 2016; Kee et al., 
2007; Nass et al., 2007), with Drosophila highlighted as a model organism for the 
highly-conserved signaling pathways used to achieve retinal structure and organization 
(Amit et al., 2012; Cagan, 2009; Chung et al., 1975; Hsiung et al., 2002; Ready et al., 
1976; Straznicky et al., 1971; Vergara et al., 2009). Controlled testing systems able to 
replicate and evaluate these complex, motile cell behaviors will greatly expand our 
knowledge of collective migratory processes. Further, such controlled systems will 
dramatically aid emerging regenerative therapies, as coordinated cell movement has 
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become central to many strategies that introduce replacement cells into damaged tissue 
to stimulate repair and/or regeneration of synaptic activity (Duan et al., 2005; 
Unachukwu et al., 2016). Yet, a surprisingly-small number of developmental studies 
have incorporated microfluidic systems to aid in the quantitative evaluation of collective 
cell behaviors (Kim et al., 2012; Riahi et al., 2012; Vedula et al., 2012; Young et al., 
2010). Microscale systems provide biochemically-tunable microenvironments in which 
to visualize formation of cell clusters or aggregates (McWhirter et al., 2009), examine 
collective cell adhesion and displacement (Thakur et al., 2018) as well as collective, 
directed motility (Xu et al., 2013) at geometric scales appropriate for developmental 
models (Deutsch et al., 2000). However, cells directly extracted from developing 
organisms are notoriously difficult to maintain in vitro or in culture (Yoshino et al., 2013).  
2.4.1 Characterization of Primary PNC 
Methodologies for neural cell isolation have remained largely unchanged for Drosophila 
over the last few decades, (Lerit et al., 2014; Moraru et al., 2012; Wu et al., 1983) with 
modest values of 12% viability of cell populations reported after 24 hours (Ceron et al., 
2006). Our study incorporated the use of a laminar flow hood and ice during dissection 
protocols (Figure 2) that helped elevate cell viability of extracted neural progenitors to 
near 50% at 24 hours post-disassociation (Figure 6). This significant improvement 
facilitated in vitro testing of the behavior of RPC collectives immediately after dissection.  
Collective behavior is certainly influenced by the ratio of cells of different linages (e.g. 
neuronal, glial), as different stages of retinal development produce changing 
populations of differentiated cells (B. E. Reese, 2011).  In Drosophila, the ratio of 
neuronal to total cells, RN, has been reported to increase from about 1:1 (RN = 0.50) in 
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embryos (Wedlich, 2006) to approximately 1:10 (RN = 0.10) in adult flies (Blauth et al., 
2010). Despite wide applicability of third larval instar for study of retinogenesis 
(Zagozewski et al., 2014), values of RN at this stage are surprisingly unreported. Our 
project used manual cell counting via by hemocytometer and digital imaging through 
confocal microscopy to estimate an average RN value of 1:2.5 (RN = 0.62) for third instar 
larvae across, both, populations of neuroclusters and those responding as individual 
cells (Figure 5). The RN ratio may impact the cell-to-cell communication required to 
maintain and regulate collective behavior at different developmental stages via 
regulation or expression of junctions and channels (Nielsen et al., 2012). Similarly, 
changes in RN may alter cell-to-matrix communication, as our results illustrate 
preferential clustering of neural progenitors with statistically-significant differences in 
average cluster size per ECM substrate used (Con-A, LM and PLL) (Figure 6). While a 
large body of literature correlates different patterns of collective adhesion with 
expression and regulation of integrins and other binding proteins (Ahmad Khalili et al., 
2015; Mui et al., 2016), the effects of RN in developmental systems is only partially 
explored. Further investigation is, therefore, needed into the influences of lineage 
composition within collectives of stem-like cells currently explored in neuro-regenerative 
strategies.  
 
2.4.2 Collective Migration of PNC in µLane 
Lastly, this project modified our previously-established microfluidic system, the µLane, 
to investigate how the cellular composition of neural progenitor populations influenced 
its collective chemotactic processes. Controlled microenvironments were developed to 
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generate precise concentration profiles of FGF (Figure 3), a chemotactic factor present 
during retinal development and well known to stimulate migration in vivo (Ribeiro et al., 
2002) and in vitro (Beck et al., 2016) for Drosophila cells. Progenitors were observed to 
adhere and migrate, both, collectively as neuroclusters and individually as singleton 
cells (Figure 7), which further validates the ability of the microfluidic system to model 
the complex interactions of both motile groups present during development. Individual 
cells were seen to migrate larger distances than cells migrating collectively in 
neuroclusters, presumably because movement of the former is independent of the cell-
to-cell communication that regulates dynamic movement of the latter (Ellison et al. 
2016).  Average cell distances traveled, or path lengths, of singleton cells in all 
experiments were seen to be independent of the concentration gradient with average 
values of chemotactic index, CI, approaching zero to indicate little to no directional 
chemotaxis. By contrast, results illustrate finely-tuned chemotactic migration of 
neuroclusters within different signaling gradient fields, as all clusters exhibited average 
CI values that approached 1 with increasing gradient to indicate chemotactic movement 
(B. A. Camley et al., 2016). Small and large clusters had similar average CI values, 
which was similarly found in a study utilizing trunk neural crest (NC) cells from Xenopus. 
(Theveneau, 2010).  
 
Gradient-induced motility was further seen to depend on neurocluster size, as large 
clusters migrated significantly (p<0.05) larger distances in moderate gradient fields, GM, 
while smaller clusters exhibited no statistical difference in migration distance within GM 
or GH fields. Statistical t-tests demonstrated that all migration data measured in the x-
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direction for single cells, small clusters and large clusters had mean values in 
significantly different from zero, indicating predominate motion in the y-direction, i.e. 
direction of increasing concentration. This is important because it validates chemotactic 
migration of both single cells and neuroclusters toward increasing concentration 
gradients.   
 
We note that data from large neuroclusters were closer to the threshold of statistical 
significance due in large part to approximations of the center of mass within motile 
clusters of larger surface area. This can be improved upon by increasing the number of 
samples analyzed and using a customized microfluidic system that mimics physiological 
dimensions and geometry of the developing eye-brain complex in Drosophila to better 
elucidate properties of intrinsic RPC clustering and subsequent migration patterns 
during retinal development. We also note that viability constraints significant to in vitro 
testing of primary RPC will also be eased by microfluidic designs that achieve and/or 
maintain desired chemical environments as rapidly as possible (McCutcheon et al., 
2017; Mishra et al., 2015; Mishra et al., 2017).  
 
2.5. CONCLUSION 
The current project applied microfluidic systems to examine the collective behavior of 
RPC disassociated from developing eye-brain complexes of Drosophila. This in vitro 
study of cells from a developing invertebrate model was enabled by methodologies that 
dramatically improved cell viability and allowed measurement of RPC clustering and 
collective adhesion upon different ECM present in neural development. Data illustrated 
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the influence of neurocluster size and neuronal composition, RN, on its collective 
chemotaxis toward concentration gradients of FGF signaling, an agent critical to retinal 
development in Drosophila. Future study will examine neurocluster size and RN 
dependence on collective chemotactic processes within microfluidic systems that better 
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CHAPTER 3: A MICRO OPTIC STALK (μOS) SYSTEM TO MODEL RETINAL 
DEVELOPMENT 




Vision loss and impairment is a worldwide health challenge that affects growing 
numbers of aging and mature adults each year (Bourne et al., 2017; Flaxman et al., 
2017; Leonard, 2001; Pascolini et al., 2012). Regenerative therapies for the damaged 
visual system have introduced stem-derived cells to recapitulate developmental 
processes and initiate functional regeneration in different components of the eye 
(Klimanskaya et al., 2004; Lund et al., 2006; Tsonis et al., 2004). The retinal optic nerve 
is critical to vision and is developmentally preceded by a microscale structure called the 
Optic Stalk (OS).  The OS facilitates axonal targeting from the developing eye to the 
brain(K-F Fischbach et al., 1989; Karl-Friedrich Fischbach et al., 2008; Schmucker et al., 
1997) via the guided, collective and highly-coordinated migration of stem-like and retinal 
progenitor cells (RPCs) (Mishra et al., 2015; Takahashi et al., 1998; Tao et al., 2007). 
Collective chemotaxis of RPCs is a fundamental part of regenerative strategies in retina, 
where cells exhibit directional movement along a gradient stimulus while maintaining 
dynamic spatial relationships with one another (B. J. Kim et al., 2012; Loza, 2016; Rørth, 
2009; Scarpa et al., 2016; Weijer, 2009) . 
 
Developmental models have well-illustrated the breadth of additional intra- and extra-
cellular signaling needed for collective progenitor migration (Ewald et al., 2008; Mishra 
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et al., 2015; Weijer, 2009) compared to single cell motility, as well as collective 
chemotaxis more broadly(Bianco et al., 2007; Camley et al., 2016; Theveneau et al., 
2013). Eye development is surprisingly conserved across species and has been 
exceptionally well-studied using the model of Drosophila Melanogaster, or fruit fly (K-F 
Fischbach et al., 1989; Karl-Friedrich Fischbach et al., 2008; O'Neill et al., 1994; Pignoni 
et al., 1997). This invertebrate model provides an elegant, compartmentalized system 
that enables direct genetic manipulation and in vivo observation to evaluate 
developmental processes across the OS and elsewhere in the developing eye (Heintz, 
2001; Imai et al., 2009; V. M.-Y. Lee et al., 2005).  Surprisingly, microdevices have been 
largely relegated as supporting technology for invertebrate study (e.g. embryo and 
larvae sorting (Funfak et al., 2007; Mohd Fuad, 2017; Zhu et al., 2013)) despite its 
translational opportunities and strengths when used in concert with such robust genetic, 
developmental models (Alazzam et al., 2017; Hwang et al., 2013; Mondal et al., 2011). 
Microfluidics are powerful technologies with which to study collective RPC migration in 
the OS because acute changes applied onto the surrounding microenvironment 
facilitate precise measurement of RPC response and behaviors able to test and 
advance regenerative strategies for vision (Hung et al., 2005; L. Kim et al., 2007; Lii et 
al., 2008; Liu et al., 2010; Walker et al., 2004; Walsh et al., 2009).  
 
Previous work from our group (Beck et al., 2016; McCutcheon, Unachukwu, et al., 2017; 
Mishra et al., 2015; Thakur et al., 2018) has used microfluidic channels to examine the 
chemotactic migration of RPCs from both vertebrate and invertebrate models. In this 
report, we describe a new microfluidic device called the micro-Optic Stalk, or μ OS, 
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developed to evaluate the effects of exogenous gradient and cell-to-cell interactions on 
the collective migration of RPCs extracted from the developing eye-brain complex of 
Drosophila Melanogaster. Results illustrate that RPCs in neuroclusters of varying sizes 
exhibit collective chemotactic migration in response to different biochemical gradient 
fields (McCutcheon et al., 2015; McCutcheon, Unachukwu, et al., 2017; Thakur et al., 
2018), but that a preferential neurocluster size of 3-5 cells facilitates the largest 
distances traveled along the same gradient stimulus. These data highlight cell-cell 
interactions as central to the collective behaviors needed to direct progenitor migration 
and/or differentiation of stem-like cells during regenerative therapies such as retinal 
transplantation (Dua et al., 2000; Lamba et al., 2009; Majo et al., 2008) and 
demonstrate underutilized capabilities of microfluidic devices to advance regenerative 
treatments for the visual system.  
 
3.2 MATERIALS AND METHODS 
3.2.1 Dissection of Brain Complexes and Dissociation of Neural Progenitor Cells 
(NPCs) 
Brain complexes were extracted and disassociated from third instar larvae grown from 
UAS-mCDGFP; elav-GAL4 fly stock (Duffy, 2002) as described previously by our group 
(Beck et al., 2016) and others (Lerit et al., 2014; Moraru et al., 2012; Wu et al., 1983). 
To maintain sterility, dissection was completed in a laminar flow hood pre-treated with 
Ultraviolet light (λ= 400 nm) (CellGard ES Energy Saver Class II, Type A2 Laminar Flow 
Biological Safety Cabinet) and autoclaved materials. Larvae were washed in 70% 
ethanol, 3X in deionized water and phosphate buffered saline (PBS). With two #5 
stainless steel tweezers, the eye-brain complexes were carefully isolated and washed in 
 64 
40 mL of supplemented Schneider’s medium (Thermo Fischer Scientific, Waltham, MA), 
consisting of 10% (vol/vol) heat inactivated fetal bovine serum (HIFBS), 1% (vol/vol) 
penicillin streptomycin and Schneider’s medium. At least 15 eye-brain complexes were 
placed in a 3-cm-diameter petri dish filled with 40 mL of PBS and placed on ice. The 
eye-brain complexes were further dissociated with 1 mL of 0.5 mg/mL collagenase at 
room temperature (25c) for 1 hr, centrifuged at 2000 rpm for 5 mins, and re-suspended 
in 1 mL of supplemented Schneider’s medium. Afterwards, the remaining tissue 
underwent mechanical pipetting in 150 uL of supplemented Schneider’s medium (10 uL 
per brain) and passaged through a 40-μm-diameter cell strainer into a 1.5 mL conical 
tube to facilitate adhesion. This process is summarized in Figure 1E. 
 
3.2.2 System Design 
The µOS was designed to facilitate parallel flow in two vertical compartments connected 
by an array of horizontal microchannels, as shown in Figure 2. The two vertical 
compartments are, each, 150 µm-wide by 500 µm-long by 50 µm in height and are 
separated by an array of 8 microchannels spaced 100 µm apart. Each microchannel is 
approximately 37 µm in diameter, 90 µm long and 10 µm in height. The system 
operates when both the upper left and upper right loading ports are concurrently-loaded 
with fluid to eliminate pressure differentials between the two vertical system 
compartments and generate tailored concentration gradients within the adjoining 













Figure 2. Description of the μOS system. (A) Schematic of the μOS design containing 
an array of eight parallel microchannels connected to two cell chambers that act as the 
eye imaginal disc and brain lobe. The system has a volume of 15 brain dissections to fill  
the entirety of the reservoirs and. Values of marked features are listed in Table 1. (B) 
Brightfield image of photoresist-patterned silicon wafer. (C) SEM image of a photoresist-
patterned silicon wafer used for micromolding the μOS design in PDMS. The height of 
the system is 50 μm. (D) Image of the PDMS elastomer bonded onto a glass coverslip 
filled and with red dye to facilitate system visualization. Dashed lines indicate region of 
interest containing parallel channels. Loading ports 1 and 2 and Exit port is labeled on 
the device. (E) Concentration gradients of FGF8 established within the optic stalk region 
of μOS system. Simulated with COMSOL Multiphysics and validated experimentally. 
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Table 1: Critical Dimensions of Developing Optic Stalk within Drosophila Melanogaster  
 
3.2.3 System Fabrication using Two-Layer Photolithography and Elastomeric 
Molding 
The μOS design was created using a two-layer photolithography protocol (Chang et al., 
2007; S. Choi et al., 2010; Erickson et al., 2008; Erickstad et al., 2015; McCutcheon, 
Majeska, et al., 2017; Taylor et al., 2005) followed by elastomeric molding, as shown in 
Figure 3. A 1-mL volume of photoresist (SU-8 2010, Sigma Aldrich, St. Louis, MO) was 
spin-coated (Brewer Science Cee Model 200x-F Spin Coater, Brewer Science, Rolla, 
MO) onto a 4-in silicon wafer at a speed of 4000 rpm for 30 s to obtain a thickness of 10 
μm (Fig. 3A). After prebaking at 65°C and 95°C, the wafer was placed onto a EVG620 
Mask Aligner (EV Group, Tempe, AZ) and irradiated at a constant UV dosage of 180 
mJ/cm2 (λ= 360 nm) using the first chrome-on-glass photomask (Advance 
Reproductions Corp, North Andover, MA) (Fig. 3B). The newly-patterned wafer was 
then post-baked on a hot plate at 65°C for 5 min, followed by 95°C for 15 min. The 
substrate was mechanically agitated in SU-8 developer (MicroChem, Newton, MA) and 
rinsed with isopropanol (IPA) followed by deionized water (diH2O). Afterwards, a 
 67 
second layer of photoresist (SU-8 2075, Sigma Aldrich) was spin-coated at 4000 rpm for 
30 s onto the patterned wafer to obtain an additional thickness of 40 μm to achieve 
stability in the microarray. A second chrome-on-glass photomask (Advance 
Reproductions Corp, North Andover, MA) was designed to overlap with the µOS design 
such that subsequent developing processes would generate a system with a thickness 
of 40 μm on the vertical compartments but leave a 10 µm thickness for the 
microchannel array (Fig. 3D). A mixture of 20 mL of deionized water, 1 mL of methanol 
and 3-4 droplets of trichloro (1H,1H,2H,H2-perfluoro-octyl) silane was then used to treat 
the wafer surface for silanization in a vacuum chamber for 1-2 hrs. A 20-mL volume of 
poly-dimethylsiloxane (PDMS, Dow Corning, Midland, MI) was then poured onto the 
final patterned wafer surface and cured in a 300°C oven for 15 min to produce an 
elastomer of 2-3 mm in thickness, as shown in Fig. 3D. Lastly, oxygen plasma via 
corona treatment (Electro-technic Products Inc., Chicago, IL) was applied to the inner 
surfaces of the PDMS elastomer and a piranha-cleaned glass microscope slide (VWR 
48300-036) for 30 s each (Kong et al., 2010; McCutcheon, Unachukwu, et al., 2017; 
Mishra et al., 2015) before press fitting each into contact to create the closed µOS 

















Figure 3. The μOS is manu factured using a 2-step contact photolithography process 
and micromolding. (A) The first layer of negative photoresist is spin coated onto a 4-inch 
silicon wafer at a height of 10 μm. (B) The photoresist-treated wafer is irradiated with 
ultraviolet light at a dose of 180mJ/cm2 using a mask aligner with a designed 
photomask. (C) The patterned wafer is developed and washed. A second layer of 
photoresist is then applied onto the patterned wafer by repeating processes (A-C) to 
create a height of 40 μm for greater stability. (D) The silicon wafer undergoes 
silanization, enabling a mixture of poly-dimethylsiloxane (PDMS) to coat the wafer 
surface and undergo curing at 195°C to create an elastomer with the desired pattern. 
This elastomer is peeled away from the wafer surface, cut to size and bonded onto a 





3.2.4 Microscopy and Imaging 
Scanning Electron Microscopy (Zeiss LS704U SEM, Jena, Germany) was used to 
capture images of the adult Drosophila compound eye at 6 kV and 2.601 A with the 
stage at a Z plane of 23.372 nm, as described previously by our group SEM using 20.0 
kV and 2.60A at an angle of 45° and Z plane of 18.0 mm was used to image the 
patterned silicon wafer surface. A Nikon Eclipse (TE2000 Inverted, Morrell Instruments, 
Melville, NY) was used to image cells within the µOS with and without fluorescence via 
NIS Elements Imaging Software.  
 
3.2.5 Measurement of RPC Migration 
The μOS was coated with a 15 μg/mL solution of Concanavalin A (ConA) (eBioscience, 
Carlsbad, CA) for two hours and washed with PBS under sterile conditions. The coating 
was then aspirated, the device washed with PBS and placed in the flow hood to air dry 
for 1 hr. A 150 μL cell suspension was then pumped into the system at a volume flow 
rate of Q= 0.5 μL/min with minimal shear (McCutcheon, Majeska, et al., 2017; Spatz et 
al., 2015) to allow adhesion without cellular morphological changes through the  syringe 
pump (NE-1000, New Era Pump Systems Inc, Farmingdale, NY).  Cells were left to 
adhere within the µOS for 2 hrs. Afterwards, the source reservoir was loaded with 40 
ng/mL to generate concentration gradient fields across the microchannel array. Live cell 
imaging of n=10-15 single cells and n=15-24 cell clusters throughout the parallel 
channels were obtained at 30 s intervals over a 4-hr time period, per testing condition.  
Cell movement was tracked as a vector in polar coordinates (radius and angle) to 
determine average total path length (LT), i.e. sum of the distance travelled, net 
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displacement (DN), i.e. distance between initial and final time points, and directionality 
(DR), i.e. the level of directed cellular movement based on Equation (3): 
 DR=∑cos(𝜃) /𝑛      (3) 
Where q is the angle between a trajectory and the directional axis and n represents the 
number of neuroclusters (Gruler et al., 1991). Trajectories of cells and cell clusters were 
tracked individually using the Manual Tracking plugin from ImageJ (NIH). Images of 
fluorescence were analyzed across the entire µOS system via microscopy to identify 
regions of high concentration (ΔC1), medium concentration (ΔC2) and low concentration 
(ΔC3) within the length of the microchannel array.  
 
3.3 Results and Discussion 
3.3.1 μOS Design 
The μOS system was created to mimic the controlled microenvironment of the third 
instar larvae stage of the developing eye-brain complex of Drosophila Melanogaster. 
This stage has been widely-used to represent the beginning of eye development in 
mammals (Reviewed in (Lerit et al., 2014)) and is significant to regenerative therapies 
because it contains both neuronal and glial stem-like cells critical to retinal development. 
As a result, stem-like cells derived from the third instar larvae stage become a 
significant target for study in advancing retinal cell transplantation (Su                                                                                                                                                                                                                                              
zuki T et al., 2018).  The in vitro μOS model was developed to mimic the physiological 
system shown in Figure 2 and is comprised of three parts: (1) Developing brain lobe 
(BL), (2) Optic Stalk (OS) and (3) Eye Imaginal Disc (EID). As shown in Figure 3, the 
µOS contains two, large-volume vertical reservoirs to represent the brain lobe and eye 
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imaginal disc, which are connected by an array of eight microchannels, to represent 
multiple OS.  The µOS dimensions were selected to mimic those previously reported for 
in vivo OS using confocal imaging and dissection (Cafferty et al., 2009; K.-W. Choi et al., 
1994; Karl-Friedrich Fischbach et al., 2008; Lopes et al., 2015; Murakami et al., 2007; 
Pappu et al., 2004; Tayler et al., 2003).  As seen in Table 1, each microchannel of the 
µOS array has a length (LOS) of 90 μm and uneven diameters of 37 μm (DOS1) and 35 
μm (DOS2) to better mimic the reported in vivo axial tapering of the OS. In vivo, the 
diameter of the ID has been reported as DID=500 μm+/-23 μm and that of the brain lobe 
(BL) has been measured to be DBL=800 μm+/-14 μm. The µOS vertical reservoirs were 
each designed to have a width of 150 µm to minimize the volume needed for primary 
cell suspensions while maintaining a reservoir to array volume ratio > 50:1 to reduce 
entrance effects (Mishra, S. et al 2015; McCutcheon, S. et al 2017). Similarly, the 
design contains eight, evenly-spaced microchannels to perform experiments with 
sufficient volume for 15 brain dissections (0.016 μL) per testing condition. Lastly, µOS 
loading is accomplished via two inlet ports (upper left and upper right in Figure 2) above 
the array at an angle of 45° and one outlet port directly below the array. Each loading 
channel is 75 µm in diameter and 3x103 μm in length, determined using the average 
diameter of dissociated neuroclusters. The Y-shape design was selected to minimize 
volume to surface area and to ensure transport via bulk diffusion to cells within the array 





3.3.2 Measurement of RPC Migration and Clustering Behavior 
Dissociated cells were loaded into a µOS device to enable adhesion upon inner channel 
surfaces that were coated with ConA, a priori. FGF ligand solution was then loaded into 
the BL chamber of the µOS and allowed to transport along the LOS to the EID chamber, 
which contained only media. FGF transport, thereby, generated a linear concentration 
gradient along the LOS which stimulated RPC chemotactic migration. The in vivo 
microscale was selected for the µOS in large part to examine preferential size 
dependence of motile cells and neuroclusters to chemotactic fields. Figure 4 shows 
dissociated cells in a µOS device with representative motile cells. Cells were observed 
to migrate as two main, distinct populations: (1) Small clusters of 3-5 cells (65% of total 
motile population) and (2) Large clusters of greater than 5 cells (21% of total motile 
population). Single cells comprised approximately 14% of the entire cell population, but 
demonstrated minimal non-directional migration (less than 2 cell diameters) when 
exposed to an FGF-8 gradient, as previously shown by our group (Beck et al., 2016). 
These single cells were, therefore, not included in the motility analysis of this current 
study.   
 
Cells were seen to display different, size-dependent migratory behavior within the 
microarray in response to the same FGF stimulus. First, single cells were not observed 
to migrate appreciably within the interstitial spaces of the LOS but did appear to adhere 
along the inner channel surfaces of the LOS each in contact with the cell in front of it, as 
seen in Figure 4C. This behavior was consistent with our previous study (Beck et al., 
2016), which used larger diameter microfluidic channels to demonstrate that only 
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neuroclusters comprised of both neuronal and glial progenitors were able to migrate 
chemotactically towards FGF. While these individual cells did not exhibit measurable 
directional motility, we note that more appropriate sizing of the µOS may have enabled 
this so-called cell streaming behavior observed, which has been well-studied with neural 
crest cells during development (Reviewed in (Clay et al., 2010)). Second, smaller 
neuroclusters (defined as comprised of 3-5 cells) were seen to migrate from the BL and 
along LOS to the EID chamber without breaking into singletons cells (65%). These cells 
exhibited collective migration along the linear concentration gradient without significant 
differences in net displacement within each of the three, linear concentration regions 
shown, DC1, DC2 and DC3. Table 2 demonstrates the average total path length, net 
displacement and directionality of small and large clusters observed in control 
conditions (media only) and within FGF-8 gradient fields. Small clusters displayed an 
average total path length, LT, and average net displacement, DN, of LT = 17.7 ± 1.83 and 
DN = 10.1 ± 0.99, respectively for the FGF8 experimental group. Small clusters also 
exhibited high directionality, DR, with an average value of 0.72 ± 0.15 when exposed to 
FGF8. Large clusters demonstrated an average path length of LT = 14.2 ± 2.94 and net 
displacement of DN = 4.44 ± 2.01. Similarly, large clusters had high directionality in 
FGF8 gradient fields with an average value of DR= 0.79 ± 0.21. Third, large 
neuroclusters from the BL chamber were seen to migrate across to the EID chamber in 
either one of two patterns. A small portion of larger clusters migrated en masse, i.e. 
traversed the entire microchannel length, LOS, from end-to-end, while a larger portion 
migrated piecemeal within the LOS where neuroclusters broke down into smaller clusters 
of 3-5 motile cells toward to the EID chamber. This large cluster behavior was of 
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particular interest because it enabled analysis of the effects of ligand concentration and 
gradient on the collective, chemotactic behavior of neural progenitor cells. Soluble 
factors are well-known to play significant roles in the function, maintenance and 
response of stem-like cells during development (Muth, C.A., et al. 2013), while changes 
in collective stem-like cell responses that may be induced by extracellular fields are 
fundamental to the advancement of regenerative neural repair (Reviewed in: Huang, L. 










Table 2. Migration and directionality of Drosophila-derived small neuroclusters (3-5 cells) 
in control conditions (e.g no FGF8, only complete Schneider’s medium) and FGF8 

















Figure 4. Migration of Drosophila-derived neuroclusters within defined core gradient of 
FGF-8 generated within μOS device. (A) Brightfield image of a large cluster with a small 
cluster breaking off piece wise in ΔC1 region. Scale bar is 50 μm. (B) Brightfield image 
of a large cluster intact in ΔC2/ ΔC3 region. Scale bar is 50 μm. (C) Bright field image of 
large cluster intact in the ΔC1/ΔC2Scale bar is 50 μm. (D) Percent of total population of 
small and large clusters in the μOS device 
 
This project further examined concentration effects in the collective behavior of neural 
progenitors within the three concentration regions shown, DC1, DC2 and DC3, each 
within the same, linear concentration gradient of the LOS.  Figure 5 illustrates that the 
pattern of so-called piecemeal migration from larger clusters was observed to depend 
on the concentration within the gradient field. As seen, 73% of large neuroclusters 
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exhibited piece-meal behavior in the DC1 region, while the end-to-end migration of large 
neuroclusters (i.e. continued collective movement of cells that remain as part of one 
neurocluster) was predominantly seen in the DC2 and DC3 regions. In these regions, 58% 
and 100% of large clusters exhibited this behavior, respectively. We also note that 
motile groups of 3-5 cells (i.e. small neuroclusters) exhibited approximately the same 
net distances in response to the linear concentration gradient at each concentration field 
independent of whether their migration began as part of larger or smaller neuroclusters. 
We note, however, that region DC1 did incorporate entrance effects from the BL 
chamber, which DC2 and DC3 did not.  Deeper biological investigation is needed to 
elucidate the role of cell-to-cell adhesions that parse these motile neuroclusters into 
preferential sizes of 3-5 cell collectives in extracellular gradient fields. Future study will 
exploit the robust genetic strength of the Drosophila model to evaluate roles of FGF 
receptor expression and distribution on motile cells in tandem with pannexin 1, the 











Figure 5. Migratory behavior of large clusters in FGF8 fields. An average total of 26% of 
large clusters were observed to remain intact during migration in the ΔC1 region, while 
the remaining 74% exhibited piecemeal separation into smaller motile clusters. 
Approximately 58% of large clusters that migrated into the ΔC2 region remained intact, 
while the remaining 42% exhibited piecemeal separation within the ΔC2 region. A full 
100% of motile large clusters that migrated into the ΔC3 region remained intact as large 
clusters without evidence of piecemeal separation. Note that all piecemeal smaller 
clusters were observed to continue migrating along the μOS channels.  
 
3.4 Conclusion 
The study introduced a novel microfluidic system called the μOS device, which 
recapitulates the geometric constraints present in the developing optic stalk of third 
stage Drosophila larvae. The μOS device enabled examination of the collective 
migratory behavior of primary Drosophila-derived neural cells mediated by extracellular 
concentration fields.  Success was demonstrated in the system’s ability to establish 
distinct concentration regions within defined gradient fields across channel length. Data 
also illustrated the influence of the geometric constraints of the system on cell clustering 
and migration of primary cells. Future study will utilize the μOS system to examine the 
relative contributions of extracellular concentration fields and cell-to-cell adhesions on 
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CHAPTER 4: COLLECTIVE BEHAVIOR OF D17 DROSOPHILA IMAGINAL DISC 
CELLS IN CONTROLLED MICROENVIORNMENTS 
 
4.1 INTRODUCTION 
Organogenesis is the process through which undifferentiated, precursor cells become a 
complete organ in a developing embryo (Kurosaka et al., 2008; Zaret, 2002). Genes 
(Dahl et al., 1997), extracellular matrices (Beaulieu et al., 1991; Rozario et al., 2010) 
and external chemical cues (Crivellato, 2011) are known to largely govern 
organogenesis. The directed migration and organization of precursor cells play a major 
role in the proper function of an organ (Knight et al., 2000; Rivas et al., 1995); therefore, 
aberrant migration can give rise to congenital disorders. The collective migration of 
precursor cells and associated signaling molecules that determine organ functions and 
properties are incompletely understood.  
 
Drosophila Melanogaster, the common fruit fly, have often been used as a model 
organism in behavioral (Nichols et al., 2012), aging (Brandt et al., 2013) and 
development (Tolwinski, 2017) studies because of their use as a powerful genetic tool 
(Hales et al., 2015), their short lifespan and the large amount of progeny they produce 
(Lee et al., 2008). Imaginal discs are sac-like precursor organs in the larvae of insects 
that undergo the process of metamorphosis (Aldaz & Escudero, 2010). During the pupal 
stage, larval tissues break down and these imaginal then form structures such as head 
and limbs. There are 19 total imaginal discs in Drosophila (Beira et al., 2016). Three 
imaginal discs form the head: labial, clypeolabral and eye-antenna; three imaginal discs 
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form the notum, a portion of the thoracic segment, wings and halters, balancing organ of 
the wings; three imaginal discs form the six legs of the fly; and one genital disc which 
form the reproductive organs of the fly (Aldaz, Escudero, et al., 2010). Imaginal discs 
are of particular interest in developmental biology as they provide insight into the 
underlying mechanisms of tissue development and congenital diseases (Moulton et al., 
2016).   
 
Drosophila cell culture a powerful tool for cell biologists interested in studying the 
behavior of a particular system within the fly (Baum et al., 2008). The first Drosophila 
cell lines were made through primary cell culture (Petersen et al., 1977) and have grown 
to include hundreds of established cell lines ranging from embryonic (Simcox et al., 
2008), third instar (Chen et al., 2018) and adult (Dequeant et al., 2015) life stage and 
different tissue and organ sources such as ovaries (Niki et al., 2006), central nervous 
systems (Ui-Tei et al., 1994) and imaginal discs (Ui et al., 1987). Haltere imaginal disc 
cells, ML-DmD17-c3 (D17) cell line, were recently characterized and found to migrate in 
culture (Wood et al., 2007). D17 cells were successfully used in an in vitro scratch or 
wound healing assay (Currie et al., 2011), demonstrating their potential for use in other 
motility related assays . 
 
Retinogenesis in Drosophila involves three structures: the developing brain, optic stalk 
and the eye imaginal disc (Legent et al., 2008). Previous work from our group have 
looked at collective behavior and migration of primary Drosophila-derived neural 
progenitor cells (NPCs) towards signaling molecules of interest within microfluidic 
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channels (Beck et al., 2016). As there is limited literature on chemotactic analysis of 
imaginal disc cells, it was of interest to identify signaling molecules of interest. To our 
knowledge, there is no literature on the usage of D17 cells in microfluidic devices; 
therefore, it was of interest to characterize their behavior within a bridged microchannel 
device. Our results demonstrate differing adhesion behavior of D17 cells on ECM 
coatings, as Matrigel and Laminin lead to growth in suspension. Notably, Boyden 
chamber assay data showed migration towards brain derived neutrophic factor (BDNF) 
and concentration-dependent effects on D17 cells. D17 cells showed high viability within 
a bridge microfluidic device when seeded at high cell density, demonstrating the 
potential of utilizing Drosophila cell lines for future microfluidics-based migration studies. 
 
4.2 MATERIALS AND METHODS 
4.2.1 Culturing D17 Cells 
Dm-D17-c3 cells were obtained from the Drosophila Genomics Resource Center at the 
Indiana University. D17 growth media was prepared as per protocol. (Currie et al., 2011) 
In a laminar flow hood, 5 mL antibiotic/antimycotic (100X stock concentration), 50 mL of 
fetal bovine serum heat-inactivated at 55C, 1.25 mL of human insulin  (4 mg/mL stock 
concentration) and 445 mL of Schneider’s medium were combined. D17 insulin-
starvation media consisted of the reagents described above without insulin. In order to 
passage D17 cultures, enzyme-free, Hank’s Balanced Salt Solution, cell dissociation 
buffer was used. D17 growth media was aspirated from confluent cultures. Cells were 
washed briefly with 2-3 mL of cell dissociation buffer. The buffer was then aspirated and 
2-3 mL of fresh buffer was added. Cells were incubated in a 25C incubator for 25 
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minutes. Buffer was then aspirated and 5-15 mL of D17 growth media was added. 
Media was vigorously pipetting up and down in order to detach cells from the bottom of 
the culturing vessel. Cultures were seeded at roughly 50% confluency in T25 or T75 
flasks. Confluency was typically reached within 3-4 days of seeding. 
 
4.2.2 Extracellular matrix (ECM) Coating 
Four extracellular matrices were tested for D17 cell morphology and behavior using 6 
well plates: Poly-L-Lysine (PLL), Laminin (LM), Concanavalin A (Con-A) and Matrigel 
(MG). Wells were coated with 1 mL of a 15 µg/mL solution of Con-A, a 80 µg/mL 
solution of LM, a 100 µg/mL solution of PLL, or a 100 µg/mL solution of Growth factor-
reduced MG. PLL, LM and MG coated plates were incubated at room temperature for 2 
hrs. The supernatant was then removed and wells were washed 3X with PBS. Con-A 
coated plates were prepared the day prior and were placed in a 25C incubator overnight 
to allow for complete evaporation. Cell suspensions at a concentration of 0.3 × 106 per 
well were pipetted into the wells for attachment for at least 2 hours. Plates were 
maintained in a 25C incubator. Images of the plates were taken at 2 hr (t0), 24 hr (t24), 
48 hr (t48) and 72 hr (t72) time points. 
 
4.2.3 Boyden Chamber – Migration Assay 
Boyden chamber assays were performed to determine the number of cells that migrated 
toward different concentrations of different external growth factors. This assay consists 
of two compartments: a lower compartment filled with serum-free Schneider’s media 
and the growth factor of interest and an upper compartment filled with cell suspension. 
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These two compartments are separated by a polyester (PET) membrane with a pore 
size of 8 µm. Three growth factors were tested: fibroblast growth factor-8 (FGF8), brain-
derived neurotrophic factor (BDNF) and insulin (In) at three concentrations: 100 ng/mL, 
10 ng/mL and 1 ng/mL. Approximately 105 cells/mL were seeded in 300 uL of D17 
growing media in the upper compartment while 700 uL of serum-free Schneider’s media 
containing growth factors was placed in the lower compartment. D17 cells were then 
allowed to migrate through the membrane to the lower compartment overnight in a 25C 
incubator.  
 
In order to quantify the number of cells that migrated through the membrane, a CyQuant 
cell profileration assay was performed. CyQuant cell proliferation assays provide an 
accurate absorbance-based method for counting cells, based on cellular DNA. After 
over-night incubation, media is removed from the top and bottom compartment. In order 
to detach cells that adhered and traveled to the other side of the membrane, 600 uL of 
cell dissociation buffer was added to the lower compartment and 100 uL was added to 
upper compartment and incubated at 25C for 25 minutes. After 25 minutes, 700 uL of 
D17 growth media was added and pipetted vigorously against the bottom of the 
membrane to dislodge cells. The suspension was then collected and centrifuged at 
1500 RPM for 5 minutes. The supernatant was removed, and the cell pellets were kept 
in -80C at least over night before assaying. Cell pellets were resuspended in a solution 
of cell lysis buffer and CyQuant dye and read on a cell plate at an excitation/emission of 
480/520. A standard was created in order to determine number of cells from 
absorbance values. 
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4.2.4  µLane System – Culturing Assay 
In order to determine the effects of geometric confinement of microfluidic systems on 
the viability of D17 cells, the µLane system was utilized. The µLane system has been 
used previously by our group to analyze chemotaxis and cell behavior in various 
different animal models (Pena et al., 2018; Rico-Varela et al., 2015; Thakur et al., 2018). 
The µLane system consists of two large volume reservoirs, a source and a sink with 
0.6-mm-diameter and 0.6-mm-depth dimensions, and a microchannel of 200-µm-
diameter and 1.3-cm-length (Kong et al., 2010). The closed microfluidic system is 
created through micromolding with poly-dimethylsiloxane (PDMS) that is then bonded 
via ozone to a glass slide. The µLane system was coated with 100 µg/mL PLL for 2 
hours at 25C. The PLL solution was then aspirated and the system was washed 3X with 
PBS. D17 cells were seeded at three cell densities: 5 × 105 cells, 7.5 × 105 cells and 1 × 
106 cells. During cell viability culturing experiments, cells were flushed out of the µLane 
system 24 hours after culturing. Cells were stained with Calcein AM at 2.5 µM 
concentration, to detect live cells, and DAPI, prepared as described in manufacture 
protocol, to detect dead cells.  
 
4.2.5 Data Analysis 
Data were analyzed using ImageJ (NIH). For ECM experiments, a total of 1280 cells 
were analyzed for a sample size of 3 for each group. The morphology of adhered cells 
were analyzed using cell shape index (CSI), a dimensionless parameter describing 
circularity defined by Equation (1):   
																																																																						𝐶𝑆𝐼 = 	 Fdef
gK
										            (1) 
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Where As represents cell surface area and P denotes cell perimeter. The closer the CSI 
value to 1, the more rounded the cell shape. Two distinct cell morphologies were 
observed: rounded cells and elongated cells. Percentage of elongated cells was 
determined utilizing the cell counter plugin and is defined in Equation (2): 
                                     %	𝑜𝑓	𝐸𝐶 = 	 #	mn	opmqrs$t"	#tppu
vm$sp	#	mn	#tppu
	× 	100            (2) 
For the Boyden migration assay, cells were detached from the bottom of the chambers 
and assayed using CyQuant cell proliferation assay in order to determine the number of 
cells which adhered and migrated towards the different concentrations of the signaling 
molecules of interest. Cell numbers were determined by creating a standard of different 
cell densities. A total of 105 cells were collected and assayed using the cell lysis buffer 
and CyQuant dye. This solution was serially diluted to obtain absorbance values for 
50,000, 25,000, 12,500, 6,250, 3,125, 1,563, 781, 391, 195, 98, 49 and 0 cells. These 
values were plotted and linear trendline was fitted in order to obtain an equation, which 
related the absorbance values to cell number. This equation was used to obtain cell 
numbers from absorbance values for FGF-8 (100 ng/mL, 10 ng/mL, and 1 ng/mL), 
BDNF (100 ng/mL, 10 ng/mL and 1 ng/mL), insulin (100 ng/mL, 10 ng/mL and 1 ng/mL) 
and a control group of serum-free Schneider’s medium. In order to determine the effect 
of the signaling molecules of interest on cell migration, the cell number obtained from 
the CyQuant cell profileration assay was normalized by the control group as defined as 
relative change, as shown in Equation (3): 
																																		𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐶ℎ𝑎𝑛𝑔𝑒 = 	 #	mn	#tppu	rs$t"
#	mn	#tppu	rs$t"	q	#mq$mp
    (3) 
For the μLane culturing assay, cells were flushed out of the µLane system and stained 
with Calcein AM and DAPI on a petridish. Images were taken of 5 regions of the cells 
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adhered on the petridish, Images were converted to grayscale on ImageJ to determine 
cell counts. The images were binarized, nuceli of cells stained with DAPI were isolated 
using the Watershed function and cells were counted using the Particle Analysis 
function. Viability was then calculated as defined in Equation (4):  
																																						%	𝐶𝑒𝑙𝑙	𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = #	mn	pt	tppu
vm$sp	#	mn	tppu
	× 	100                                             (4) 
4.3 Results and Discussion 
This study examined the behavior of imaginal disc cells obtained from third instar 
Drosophila Melanogaster larvae on extracellular matrices (ECMs), migration towards 
molecules of interest, and in response to geometric confinement within the µLane 
system. All experiments were performed using Dm-D17-c3 cells, an established 
Drosophila cell line. 
4.3.1 D17 ECM-Mediated Adhesion Behavior 
Experiments first looked at cell morphology and adhesion behavior of D17 cells on 
different ECMs in order to determine the best ECM for culturing and future cell migration 
experiments in microfluidic systems. D17 cells were cultured on Poly-L-lysine (PLL), 
Laminin (LM), Concanavalin-A (Con-A), Growth Factor Reduced Matrigel (MG) coated 
cell culture plates and uncoated cell culture plates, as a control. Plates were imaged 2 
hours after seeding to allow for cell attachment (t0), 24 hours (t24), 48 hours (t48) and 
72 hours (t72). Images of D17 cells on ECM coated plates at each time point are shown 
in Figure 1. Two populations of cells were observed: rounded cells and elongated cells. 
Rounded cells on uncoated plates had average CSI values of 0.89 ± 0.07, 0.91 ± 0.03, 
0.89 ± 0.07, and 0.90 ± 0.04 for t0, t24, t48, and t72, respectively. Elongated cells on 
uncoated plates had average CSI values of 0.52 ± 0.13, 0.42 ± 0.12, 0.32 ± 0.10, and 
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0.30 ± 0.08 for t0, t24, t48, and t72, respectively. Rounded cells on LM coated plates 
had average CSI values of 0.89 ± 0.08, 0.90 ± 0.07, 0.90 ± 0.06, and 0.89 ± 0.05 for t0, 
t24, t48, and t72, respectively. Interestingly, D17 cells did not adhere to LM coated 
plates and instead grew mainly in suspension, forming large clusters, as shown in 
Figure 1. Because the cells grew in suspension, no elongated cells were seen in this 
group. Rounded cells on PLL coated plates had average CSI values of 0.87 ± 0.08, 0.90 
± 0.05, 0.89 ± 0.06, and 0.91 ± 0.04 for t0, t24, t48, and t72, respectively. Elongated 
cells on PLL coated plates had average CSI values of 0.59 ± 0.10, 0.49 ± 0.11, 0.38 ± 
0.10, and 0.38 ± 0.10 for t0, t24, t48, and t72, respectively. Rounded cells on Con-A 
coated plates had average CSI values of 0.89 ± 0.08, 0.89 ± 0.06, 0.89 ± 0.06 and 0.91 
± 0.04 for t0, t24, t48, and t72, respectively. Elongated cells on Con-A coated plates had 
average CSI values of 0.53 ± 0.12, 0.37 ± 0.11, 0.34 ± 0.10, and 0.29 ± 0.09 for t0, t24, 
t48, and t72, respectively. This data is shown graphically in Figure 2A. 
 
As two populations of cells with differing morphology were seen in the groups, the 
percentage of elongated cells (ECs), based off of the total population of cells, was 
determined for each ECM group at the four time points. Percentages of ECs on 
uncoated plates were 20.8 ± 1.0%, 52.3 ± 3.1%, 77.9 ± 3.4% and 80.4 ± 0.36% for t0, 
t24, t48, and t72, respectively. Percentages of ECs on LM coated plates remained at 0% 
from t0 to t72, as mentioned previously. Percentages of ECs on PLL coated plates were 
18.3 ± 0.28%, 79.1 ± 3.0%, 88.8 ± 1.5%, and 91.4 ± 0.25% for t0, t24, t48, and t72, 
respectively. Percentages of ECs on Con-A coated plates were 25.4 ± 5.6%, 70.2 ± 
5.1%, 85.2 ± 2.2%, and 93.1 ± 2.1% for t0, t24, t48, and t72, respectively. This data is 
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shown graphically in Figure 2. Studies with D17 cells have examined their gene profile 
(Celniker et al., 2009; Cherbas et al., 2011) and focused on comparison to Drosophila 
hemocytes (Wood et al., 2006; Wood et al., 2007). From our knowledge, there is 
currently no literature analyzing the behavior of D17 cells on different matrices; 
















Figure 1. D17 on extracellular matrices. D17 cells on uncoated, LM, PLL, and Con-A 
coated petri dishes at time points t0 (2 hours after seeding to allow for adhesion), t24 
(24 hours), t48 (48 hours) and t72 (72 hours). Cells on Uncoated, PLL and Con-A petri 
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dishes showed similar mixture of round and elongated cells with % of elongated cells 
increasing over time. Cells on LM did not adhere and remained in suspension, forming 
large clusters. Scale bars 50 µm.  
Figure 2. Morphology and behavior of D17 cells on extracellular matrices. n = 3 for all 
groups (A) Cell Shape Index (CSI) of round and elongated cells on uncoated, LM, Con-
A and PLL for time points t0, t24, t48 and t72. Round cell CSI remained around 0.89-
0.91 for all groups. Elongated cell CSI gradually decreased, became less rounded, from 
t0 to t48, for all groups except cells on LM which remained rounded and grew in 
suspension. (B) Percentage of elongated cells of total cell population on uncoated, LM, 
Con-A, PLL for time points t0, t24, t48 and t72. Percentage of elongated cells increase 
from t0 to t48 for all groups except cells on LM which remained rounded. 
 
4.3.2 D17 Boyden Migration  
In order to determine possible signaling molecules of interest for future chemotactic cell 
migration studies, Boyden Chamber Assays were performed. Three possible molecules 
were chosen: Fibroblast Growth Factor-8 (FGF8), Brain-derived Neurotrophic Factor 
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(BDNF) and Insulin (In) and were tested at three different concentrations: 100 ng/mL, 10 
ng/mL and 1 ng/mL. FGF-8 was shown to induce chemotaxis in primary neural 
progenitor cells obtained from third instar stage Drosophila larvae previously by our 
group (Beck et al., 2016) and others (Dossenbach et al., 2001; Kadam et al., 2009) and 
therefore, it was of interest to determine if it would induce migration in D17 cells. 
Interestingly, FGF8 had no effect on the relative change of motile cells compared to the 
control (i.e. no ligand) and compared amongst the experimental groups as shown in 
Figure 3A. The average relative changes for the experimental groups were 1.15 ± 0.12, 
1.14 ± 0.11, and 1.19 ± 0.09 for the 100 ng/mL, 10 ng/mL and 1 ng/mL groups. This 
result may indicate that imaginal haltere disc cells are not optimal imaginal disc cells to 
use in modeling retinal development in third instar stage Drosophila, particularly if FGF8 
is the main signaling factor that is of interest in investigating.  
BDNF is a member of the neurotrophin family of growth factors which has been shown 
to promote the survival of a subpopulation of dorsal root ganaglion neurons (Binder et 
al., 2004). A neurotrophic factor in Drosophila was identified in 2008, which was shown 
to be structurally related to all known neurotrophins (Zhu et al., 2008). As we aim to 
create a retinal development model in Drosophila, it was of interest to test the effect of 
this growth factor on imaginal disc cells. The average relative changes were 1.05 ± 0.06, 
1.23 ± 0.05, and 0.81 ± 0.06 for the 100 ng/mL, 10 ng/mL and 1 ng/mL groups. 
Statistically significant differences were found between the 100 ng/mL and 1 ng/mL 
groups (p < 0.05) and the 10 ng/mL and control groups (p < 0.01). This indicates BDNF 
may be a chemoattractant of interest. Further studies may be done in order to 
determine the effects of BDNF on chemotaxis and cell behavior of D17 cells. 
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Lastly, insulin is commonly used in Drosophila cell culture as a supplement to promote 
growth, differentiation and increase in cell size (Bikopoulos et al., 2004; Kwon et al., 
2002; Wu et al., 2007). Insulin has also been found utilized to stimulate Drosophila 
extracellular signal regulated kinase (DERK), a pathway crucial during development in 
S2 cells, embryonic macrophage-like Drosophila cell line (Diaz-Benjumea et al., 1994). 
It was of interest to determine the effects of insulin on migration of these cells and 
whether it’s essential for migration of D17 to other signaling molecules. The average 
relative changes were 0.61 ± 0.06, 0.85 ± 0.06 and 1.13 ± 0.12 for the 100 ng/mL, 10 
ng/mL and 1 ng/mL groups. Statistically significant differences were found between the 
100 ng/mL and control groups (p < 0.01) and the 1 ng/mL and control groups (p < 0.01). 
Interestingly the higher concentrations of insulin appeared to reduce the change in 








Figure 3. Migration of D17 to Exogenous Growth Factors. n = 4 for all groups (A) 
Relative change of D17 cells to BDNF at 100 ng/mL, 10 ng/mL, 1 ng/mL and Control 
(serum-free media). Statistical significance is denoted between 10 ng/mL and control (** 
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p < 0.01) and 100 ng/mL and 1 ng/mL (* p < 0.05). (B) Relative change of D17 cells to 
FGF8 at 100 ng/mL, 10 ng/mL, 1 ng/mL and Control (serum-free media). No statistical 
significance between groups. (C) Relative change of D17 cells to Insulin at 100 ng/mL, 
10 ng/mL, 1ng/mL and Control (serum-free media). Statistical significance (** p < 0.01) 
is denoted between control and 100 ng/mL and 100 ng/mL and 1 ng/mL.  
 
4.3.3 D17 Cell Viability in the µLane System 
Before utilizing microfluidic systems to test cell migration in cells, it is important to 
understand the influence of confinement on the cells. As D17 cells have mainly only 
been used for wound healing assays in petri dishes and not been used for microfluidic 
applications, it was not known whether culturing in a microfluidic system would change 
cell behavior or affect viability. In order to determine this, we ran a culturing assay in the 
µLane and determined cell viability through staining. Three seeding densities were 
tested: 5 × 105 cells, 7.5 × 105 cells, and 1 × 106 cells. Images of the D17 cells in the 
μLane at these different concentrations are shown in Figure 4A,B,C. Cells remained 
mainly round in the system, with a mixture of single cells and small clusters seen 
throughout the length of the microchannel.  
 
After culturing D17 cells in the μLane for 12 hours, cells were flushed out, placed on a 
petridish, and stained with Calcein AM and DAPI in order to look at the effects of 
confinement within a microfluidic environment on cell viability, as shown in Figure 5. The 
12-hour time point was chosen, as previous migration studies utilizing primary 
Drosophila neural cells ranged from 4 to 9 hours. By confirming high viability after 12 
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hours, we are able to ensure that D17 cells are appropriate to use and the optimal 
seeding density needed or similar migration studies. The percent viabilities were 
calculated by analyzing the images on ImageJ and determining number of live cells 
versus number of dead cells. Average percent viabilities were calculated to be 81.0 ±  
5.13%, 91.6 ± 3.49%, and 91.7 ± 3.22% for 5 × 105 cells, 7.5 × 105 cells, and 1 × 106 
cells respectively. Statistical significance (** p < 0.01) was found between the 5 × 105 
cells and 7.5 × 105 cells groups, as well as the 5 × 105 cells and 7.5 × 105 cells. This 
indicates that viability of D17 cells are density dependent within the μLane. This was 
expected as generally Drosophila cell lines grow exponentially in the range of 106 – 107 
cells/mL, specifically in S2 cells, the most commonly used Drosophila cell line (Buster et 
al., 2010; Rogers et al., 2008). D17 cells are recommended to be seeded at 
concentrations of 1 to 2 × 106 cells/mL or 40-60% confluency in T25 or T75 flasks 











Figure 4. D17 cells cultured in the µLane system. (A) D17 cells seeded at 5 × 105 cells 
in the microchannel of the µLane system. (B) D17 cells seeded at 7.5 × 105 cells in the 
microchannel of the µLane system. (C) D17 cells seeded at 1 × 106 cells in the 
microchannel of µLane system. Images taken at 20X. Scale bar 50 µm. (D) Fluorescent 
image of Calcein AM/DAPI stained D17 cells flushed from µLane seeded at 5 × 105 cells. 
(E) Fluorescent image of Calcein AM/DAPI stained D17 cells flushed from µLane 
seeded at 7.5 × 105 cells. (F) Fluorescent image of Calcein AM/DAPI stained D17 cells 
flushed from µLane seeded at 1 × 106 cells. Images taken at 10X. Scale bar 100 µm. (D) 
Percent viability of D17 cells seeded at 5 × 105, 7.5 × 105 and 1 × 106 cells. Statistical 
significance (** p < 0.01) between 5 × 105 and 7.5 × 105 cells and 5 × 105 and 1 × 106 
cells. n = 3  
 
4.4 CONCLUSION 
This study evaluated Dm-D17-c3 cells, haltere imaginal disc cells, as a possible target 
to characterize imaginal disc cell migration. As we aim to develop a comprehensive 
retinal development model in Drosophila, it was of interest to understand the behavior of 
imaginal disc cells. Data illustrated the presence of two cell morphologies, round and 
elongated cells, on different ECM coatings. Live/dead staining data revealed that D17 
cells have higher viability when cultured in microfluidic devices at higher seeding 
densities.  While D17 cells were determined not to be optimal for use in retinal 
developmental studies which focus on FGF8 signaling, their migration towards BDNF 
indicate that these cells may be of use in other developmental models and microfluidic 
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In the research of creating a comprehensive Drosophila retinal developmental model, 
we have (1) investigated the collective behavior and chemotaxis of primary Drosophila-
derived neural progenitor cells on different extracellular matrices and in the presence of 
a fibroblast growth factor gradient in a bridged microchannel microfluidic system; (2) 
examined the collective behavior and migration of primary Drosophila-derived neural 
progenitor cells in a microfluidic system that mimics the in vivo geometric constraints 
during retinal development in third instar stage Drosophila larvae; (3) evaluated the 
behavior of D17 cells, Drosophila-derived imaginal disc cells, on different extracellular 
matrices, migration towards different signaling molecules, and viability in a bridged 
microchannel microfluidic system for use in a retinal developmental model. Our findings 
illustrated (a) the third instar larvae developing brain has roughly 60%  neurons with 
Drosophila-derived primary neural and retinal progenitor cells demonstrating specific 
clustering behavior and chemotaxis towards gradient fields of FGF8; (b) Drosophila-
derived primary neural cells demonstrated mainly formation of smaller clusters and 
FGF8 gradient dependent piece-meal and end-to-end migration within a microfluidic 
system which recapitulates in vivo geometry; (c) D17 cells demonstrated migration 
towards BDNF and Insulin and no migration towards FGF8, with high viability at higher 
seeding densities within a bridged microchannel microfluidic system. These results 
highlight the significance of recapitulating in vivo behaviors at physiological scales, as 
well as demonstrating the underutilized capabilities of microfluidic devices to advance 
regenerative treatments for the visual system.  
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5.2 Future Direction 
In this section we discuss future directions for studies to further investigate retinal 
development in Drosophila. We propose further investigation of the significance of 
FGF8 in facilitating collective migration of neural progenitors during retinogenesis within 
the µOS. 
5.2.1 FGFR Knock-outs 
In Drosophila, FGF pathways have been identified to mediate neural migration needed 
for development of the retina and vision. From our lab’s previous findings, neural 
progenitor cells migrate towards gradients of FGF8 when both glia and neurons are 
present and exhibit no migration without glia when in the presence of gradients of FGF8 
(Beck et al., 2016). From our findings, primary neural progenitor cells clusters exhibit 
chemotaxis when exposed to FGF8 concentration gradients while single cells exhibit 
chemokinesis. In order to further analyze the significance of FGF, FGFR-knock out 
Drosophila lines will be established. The Gal4/UAS system is a transcription activation 
complex which functions as the Drosophila’s main system to turn genes on or off. The 
GAL4 transcription protein binds to the Upstream Activation Sequence (UAS), an 
enhancer sequence, which then leads to transcription/translation of genes located 
downstream of the UAS sequence (Duffy, 2002). This transcription system can be 
manipulated to insert and knock out genes of interest through fly line crossing (Dolan et 
al., 2017; Poirier et al., 2008; Venken et al., 2011). UAS and the gene of interest is in 
one fly line and GAL4, in a specific tissue/cell type, is in another fly line. When these 
two fly lines are crossed, the GAL4 protein binds to the UAS and the gene in the 
specific tissue or cell type is then activated (Hales et al., 2015). RNA interface (RNAi) is 
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a mechanism that is utilized to silence genes by inducing the presence of exogenous 
double-stranded RNA (Heigwer et al., 2018). RNAi can be used in vitro (Kao et al., 2004) 
and in vivo (Perrimon et al., 2010) in Drosophila to disrupt the function of single genes. 
These two systems can be utilized to label glia and neurons, with GFP and RFP 
respectively, as well as facilitate Breathless (btl), Drosophila FGF receptor homolog 
(Muha et al., 2013; Okenve-Ramos et al., 2014), knock out. As GAL4 can be present in 
a specific tissue/cell type, two separate fly lines can be created in which btl knockouts 
can be glia or neuron specific. This would allow for determination as to whether if FGFR 
loss-of-function impacts glia or neurons.  
 
As the µOS system has been validated for use with primary Drosophila-derived neural 
progenitor cells, further use of the system is to examine the effects of steady state 
FGF8 gradients and analyze the behavior of primary Drosophila-derived btl-knock out 
neural cells. From our findings, primary Drosophila-derived neuroclusters demonstrated 
chemotaxis and differing clustering behavior to transient FGF concentrations. It is of 
interest to determine whether primary Drosophila-derived neural progenitor cells 
demonstrate gradient-dependent migration within the µOS system, as seen in the 
µLane system. Furthermore, utilizing the µOS system to examine the behavior of btl-
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